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Summary 
 
Amid concern over climate change as a consequence of burning of fossil fuels, coupled 
with depleting fossil fuel reserves and increasing energy demand, the world is now on 
a quest for viable, alternative and sustainable fuel sources.  Biodiesel from microalgae 
has the potential to significantly supplement global oil demand for liquid 
transportation fuels. Nannochloropsis sp., a local marine microalgae strain, was 
selected as a  source of lipid feedstock for production of to fatty acid methyl ester 
(FAME)i.e biodiesel due to (i) its fast growth rate (specific growth rate = 0.64d
1-
), (ii) 
its ability to accumulate intracellular lipid, at up to 15% of its cellular mass, (iii) the 
ability to enhance lipid accumulation (up to 19% of cell mass) in the presence of a 
fixed organic carbon source i.e. glycerol; and (iv) and its ability to undergo cell 
division at elelvated salinity (i.e., 70ppt) levels.. The usual practice of microalgae 
culture in a photobioreactor (PBR) for biodiesel production is too energy intensive to 
produce the requisite biomass; but PBR cultures can be used for supplying the 
inoculum to the large capacity open systems, such as raceway ponds. Blue light 
emitting diode (LED) illumination at 470nm wavelength resulted in 75% and 40% 
higher biomass productivity for Nannochloropsis sp. in a PBR compared to red and 
green LED illumination respectively. Deploying an incremental light intensity (ILI) 
technique resulted in a 19% energy saving of the energy requirement for illumination 
of a photoautotrophic culture of Nannochloropsis sp. Using an incremental energy 
supply (IES,) for mixing the culture inside the PBR, together with the ILI technique, 
energy demand was reduced by 58.7%. An air sparged assisted coagulation-
flocculation (ASACF) technique was developed to harvest both fresh and marine water 
microalgae. ASACF is at least 11.5 times less energy demanding, and much faster (i.e. 
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entire process takes 10 minutes), than conventional harvesting techniques, and has 
excellent scalability. Harvested wet microalgae biomass (up to 95% water w/w) 
requires more heat energy to dry it than its actual calorific energy content. Therefore, 
a one-step transesterification (OST) process was developed to produce FAME directly 
from the wet biomass, thus avoiding biomass drying. The OST process also avoids the 
use of chloroform and yields higher FAME for an acid catalyzed reaction compared to 
a base catalyzed reaction, where H2SO4 catalyzed OST yielded 19% FAME at 100
0
C 
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1.1. The need for renewable liquid transportation fuels 
 
Since the commencement of the industrial revolution in the mid-eighteenth century, 
anthropogenic activities, particularly the relentless consumption of carbon-intensive 
fossil fuel reserves, have increased the concentration of greenhouse gases in the 
atmosphere by more than a third (IPCC, 2007). In order to prevent, abrupt, irreversible 
changes in the Earth‟s climatic system the Intergovernmental Panel on Climate Change 
(IPCC) has recommended that atmospheric CO2 concentrations be stabilized at 550 
ppm or less by the year 2050 in order to prevent mean global atmospheric temperatures 
rising by no more than 2
o
C (IPCC AR4 synthesis report, 2007). Evidence for an 
acceleration in the rate of global CO2 emissions in recent decades has prompted the 
IPCC to recommend that global CO2 emissions must peak before 2015, and then be 
followed by a 50 to 85% reduction by 2050 (IPCC AR4 synthesis report, 2007). 
According to International Energy Agency (IEA), the global transport sector currently 
contributes 23% of the anthropogenic CO2 emissions, with a projected contribution of 
50% and 80% by the year 2030 and 2050, respectively (IEA, 2009a). Thus, the world 
is on a renewed quest to develop renewable, low-carbon emission transportation fuels.  
1.2. Current and projected world energy demands: 
World current energy demand is approximately 502EJ/year (2007 figure) and is 
expected to rise at 1.5% per annum to reach 703EJ/yr in 2030 (IEA, 2009b). Figure 1.1 
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shows the contribution of renewable energy sources to global energy demand between 
1998 and 2008. In 2008, approximately 93% of the world‟s energy demand was 
derived from non-renewable sources (i.e., oil, natural gas, coal and nuclear energy) and 
only 7% from renewable sources (i.e. hydroelectricity, food-grain based ethanol, wind, 
geothermal, biodiesel and solar photovoltaic) (IEA, 2009b). Of the renewable sources, 
11% was used in the transport sector in the form of ethanol and biodiesel (BP, 2009).  
 
 
Figure 1.1: Production of different renewable energy (1998-2008). Source BP (2009) 
(a trillion Btu is converted into EJ by dividing by 947) 
 
1.3. Alternative and renewable energy sources: 
With numerous studies indicating that global oil production will drop substantially 
over the next two decades (Aleklett et al., 2007; Zittel & Schindler, 2007; BP, 2006; 
Brandt, 2006), it is clear that alternative and, above all, renewable energy sources be 
developed. Some of these sources, including solar photovoltaic, geothermal, nuclear, 
wind and wave energy hold good promise to meet a significant fraction of future 
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energy demand (IEA, 2009b). However, there is a need for a sustained supply of high-
energy density liquid fuels to meet rising demand for road, rail and air transport. 
Liquid fuels, derived from biomass, have the potential to meet 26% of transport fuel 
demand by the year 2050, where over 90% of the supply is expected to be in the form 
of second generation biofuels (IEA, 2008).  
 
Table 1.1 gives the energy density of some commonly used energy sources. On a 
weight basis, hydrogen has the highest energy density but the lowest on a volumetric 
basis, and lower C-chain alcohols i.e. methanol, ethanol and butanol have lower energy 
densities compared to biodiesel - both on a weight and volumetric basis. Ethanol, 
which accounts up to 71.6% of current renewable transport fuel consumption, requires 
vehicles engine modification for prolonged use and is almost entirely from sugar and 
starch derived from terrestrial food crops (Agarwal, 2007). Widespread adoption of 
other forms of vehicle energy (e.g. hydrogen or electric batteries) requires significant 
advances in vehicle technology, and depends upon the continued consumption of 
carbon-intensive fossil fuels to generate the power source (Sobrino et al., 2010; BP, 
2008; Agarwal, 2007).  
 
Biodiesel can be used either as a blend, or even a complete replacement, for mineral 
fossil diesel without significant engine modifications or changes in the fuel distribution 
infrastructure (Agarwal, 2007). The CO2 released from the combustion of biodiesel 
was previously sequestered via photosynthesis over the short-term time-horizon, thus 
rendering emissions carbon-neutral compared to fossil-fuel derived emissions. 
Additional benefits of biodiesel include reduced emissions of unburned hydrocarbons, 
carbon monoxide, sulfates, polyaromatic hydrocarbons and particulates (EPA, 2002). 
Introduction 
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Table 1.1: Energy densities of some common transportation fuels and power sources 















 44 32.6 
Coal  35 28 
Biodiesel
 
  40.2 35.6 
Butanol  36 29.2 
Ethanol  29.6 23.5 
Natural gas
 
 54 0.039 
Hydrogen
 
 143 0.013 
Electric batteries
 
 0.7 1.08 
Methanol
 
 22.3 17.6 
 
1.4. Microalgae as a feedstock for biodiesel production 
First generation biodiesel is principally derived from terrestrial oil-bearing plants, 
including palm, soya and canola and to a lesser extent, animal fat and waste cooking 
oil (Chisti, 2007). About 8% of the global production of plant derived oil (PDO) is 
used for biodiesel production, where total biodiesel production accounts for only 0.3% 
of current global fuel demand (Peer et al., 2008; Oilworld, 2007). Hence, to meet 
existing and future fuel demand for the transport sector, it is imperative that other 
biodiesel feedstocks be developed on a large scale.  
 
As a source of biodiesel feedstock, microalgae have been evaluated for several 
decades. In the USA, a major research program, known as the „Aquatic Species 
Program‟ (ASP), on microalgae biofuel was conducted between 1978 and 1996, and 
ended with the conclusion that fuel derived from microalgae was feasible, but not 
competitive with the low prevailing crude oil price of the time i.e. less than US$ 
30/barrel (Sheehan et al., 1998). Due to subsequent oil price rises and concerns over 
food supply, energy security, and climate change research on microalgae-to-biofuels 
Introduction 
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has now re-intensified (Chisti, 2007; FAO, 2009; Huntley & Redalje 2007; Mata et al., 
2010; Pate et al., 2010).  Although several species of microalgae have been 
successfully cultivated for high value products such as animal feed, fine chemicals and 
pigments for many decades (Spolaore et al., 2006a), commercial production of 
microalgae for use a renewable fuel feedstock has not yet been manifested. Significant 
challenges remain to the low-cost, efficient production of microalgae biomass and 
associated fuel feedstocks (Pate et al., 2010; Danquah et al., 2010). 
 
1.5 Research objectives  
 
The main aims of this research project were to: i) isolate a strain of microalgae from 
the marine coastal waters of Singapore, and optimize it for intracellular lipid 
production; and ii) reduce energy demand for producing and harvesting microalgae 
biomass, and subsequent conversion of intracellular lipids to fatty acid methyl ester 
(FAME) i.e. biodiesel. The sequences of objectives to accomplish these aims were: 
1. Isolation and screening of local marine microalgae showing favorable, high 
growth rates and intracellular lipid content.  The strain should have at least 
one cell-doubling per day, and 20% lipid content - as convertible to FAME. 
The strain should be able to grow in extreme conditions, i.e., hyper-saline 
water. The selected microalgae should also be able to grow and enhance 
intrinsic lipid content in mixotrophic culture, in the presence of waste 
organic substances.   
 
2. Determining the optimum monochromatic light wavelength for microalgae 
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3. Developing a rapid and energy efficient cell harvesting technique for both 
freshwater and seawater microalgae. 
 
4. Development of one-step transesterification method for direct conversion of 
intracellular lipid to FAME from wet microalgae biomass. 
 
 
1.6. Thesis Organization 
 
This thesis comprises ten chapters and one appendix, and is structured as follows - 
reference to the research objectives are indicated in parenthesis:  
 
Chapter 1:  Introduction and Background. 
 
Chapter 2:  Literature Review: provides a context for the research and identifies the 
key challenges in the exploitation of microalgae for biodiesel production. 
 
Chapters 3: Screening, isolation and Enhancement of Intracellular Lipid of Microalgae 
under Mixotrophic Culture for Biodiesel Feedstock: details the procedures and results 
for the screening and isolation of marine microalgae from Singapore‟s coastal waters. 
For any strain, the ability to grow in hyper-saline water was another major criterion to 
be selected as a potential strain.  In addition, methods for enhancement of intracellular 
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Chapter 4: Enhanced Algae Growth in Both Phototrophic and Mixotrophic Culture 
under Blue Light: details the procedures and results for experiments conducted to 
determine the optimum monochromatic wavelength for culture of the favoured strain 
using a light emitting diode source. Light intensity is also optimized, and a procedure 
based on incremental light intensity for microalgae culture is presented (Objective 2). 
 
Chapter 5: Incremental Energy Supply for Microalgae Culture in a Photobioreactor: 
details the procedures and results for experiments conducted to evaluate the potential 
for reducing energy demand for culture agitation in a PBR (Objective 2). 
 
Chapter 6: Air Sparged Coagulation-Flocculation for Harvesting Microalgae and 
Optimization of the Process: details the procedures and results for experiments 
conducted to develop a novel method of cell harvesting i.e. an air sparged assisted 
coagulation-flocculation (ASACF) technique for the recovery of microalgae biomass 
from both freshwater and seawater (Objective 3). 
 
Chapter 7: Development and Optimization of One Step Transesterification for 
Biodiesel Production from Microalgae Biomass:  details the procedures and results for 
production of FAME from wet (non-dried) microalgae biomass using a one-step 
transesterification (OST) process. The effect of harvesting technique and biomass 
drying on FAME yield are also presented. The optimum conditions for OST process 
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Chapter 8: Conclusion: Summarizes the contribution of this work and the extent to 
which research objectives have been fulfilled. Directions for future research in 
microalgae-to-biodiesel research are specified. 
Literature review 
 




2.1. Microalgae as a choice for biodiesel feedstock 
 
Different species of microalgae are cultivated worldwide mainly for pharmaceuticals, 
fish feeds and nutritional commodities (Spolaore et al., 2006a; Rosenberg et al., 2008).  
Microalgal cells mainly consist of carbohydrate, protein and lipid, where the 
composition of these compounds can vary among species (Brown, 1991). When the 
growth conditions (i.e. all the necessary nutrients, sunlight, temperature, pH) are 
optimum, unicellular microalgae mainly synthesize protein to maintain cell growth 
(Sukenik, 1999), where carbohydrate and lipid are present in lesser quantities. As the 
microalgae culture reach stationery phase, due to the absence of essential nutrients 
(i.e., mainly nitrogen), they cannot produce protein anymore and thus change their 
metabolism to produce lipid as an energy storage (Ben Amotz & Avron, 1983).   
 
The selection of an appropriate biofuel feedstock to meet a significant portion of future 
transport demand, requires consideration with respect to areal productivity, land and 
water demands. Additionally, such feedstock should be available in widely 
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2.1.1. The debate of bio-alcohol vs. biodiesel:  
 
Several types of biomass derived fuels are now in use: bio-ethanol, bio-butanol, 
biodiesel (Demirbas, 2009; Agarwal, 2007). First generation biofuels, including bio-
ethanol generated from sugars and starches of terrestrial food crops (e.g. maize, sugar 
cane etc,) and biodiesel generated from plant derived oils (PDO) (e.g. palm oil, canola 
oil) and snimal tallow, have been associated with food shortages and higher prices 
(Chisti, 2007; Peer et al. 2008).  
 
Butanol has a high energy density and is less susceptible to separation in the presence 
of water compared to ethanol; it has also a low vapor pressure and can be conveyed 
through existing pipelines (BP, 2008). However, it also requires terrestrial food crops 
as a feedstock. Second generation biofuel feedstocks depend on lignocellulosic 
feedstocks derived from: i) the residual biomass of food crops; ii) dedicated energy 
crops such as miscanthus or switchgrass, iii) sugarcane baggase from production of 
first generation biofuels; or iv) microalgae (IEA, 2008). It is estimated that more than 
almost 400 million tonne of agricultural and forest residues are generated annually in 
US with potential to be converted into ethanol (Nalley & Hudson, 2003). 
Lignocellulosic biomass comprises mostly cellulose, hemicelluloses and lignin that 
requires pretreatment prior to fermentation to ethanol (Huber et al., 2006; Sun & 
Cheng, 2002). Pretreatment includes hydrolysis and enzymatic saccharification to 
sugar which then can be fermented to ethanol.  Major research challenges for the 
production of second generation ethanol include: (1) the identification and production 
of sufficient enzyme with a higher saccharification efficiency; ii) a capability to 
convert multiple sugar streams; iii) and improvement in ethanol recovery after 
fermentation (Sun & Cheng, 2002). On a weight basis, approximately 340g of ethanol 
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can be produced from 1 kg of corn stover (Nalley & Hudson, 2003). Lignin which 
typically contributes 25-30% of the woody biomass is challenging to convert into 
fermentable sugar due to its natural recalcitrance (Sun & Cheng, 2002).  
Biomass productivity of microalgae can reach up to 191 t/ha/yr (metric ton per hectare 
per year) – 7 times higher than most productive terrestrial plants, miscanthus (see 
Table 2.1). In certain microalgae 34% of the dry weight can be in the form of 
intracellular lipids and a further 24% in the form of fermentable sugar (Fabregas et al., 
2004). Photosynthetic light conversion efficiency for all terrestrial plants is less than 
2%, but can reach 4% in microalgae (Klass, 1998). Additionally, lignin is not usually 
present in microalgae. Brown (1991) studied the composition of 16 strains of 
microalgae and measured a carbohydrate content from 11.2 to 36.2% of dry biomass, 
of which a major fraction i.e. 42.6-87.5% of the carbohydrate was glucose, with other 
sugars including fucose, galactose, manose, rhamnose, ribose and xylose.  
 
Net biomass productivities and the composition of biomass different feedstocks are 
given in Table 2.1. Biodiesel and lipid productivities were calculated by multiplying 
the areal productivity of the feedstock and its percentage lipid and protein content, 
respectively. Sugar productivity of any feedstock was first determined in a similar way 
and then it was multiplied by a factor 0.42 to calculate bioethanol productivity (1 kg of 
glucose will produce 0.42kg of bioethanol (Grad, 2006)). Although some terrestrial 
crops have a higher sugar content than microalgae, net bioethanol productivities from 
some microalgae are higher because of much higher areal productivity (see Table 2.1). 
Residual microalgae biomass can be used to produce bioethanol after extraction of oil 
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Table 2.1: Areal productivity of biomass, bioethanol, biodiesel and protein of 
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 43.9 8.6 128.9 








 17.9 8.9 71.6 
Ф: 1kg of sugar will produce 0.41 kg of ethanol (Grad, 2006); γ: EERE, 2010; α: Grad, 2006; 
 β:  Clifton-Brown et al., 2001; ε: Fabregas et al., 2004; λ: Soeder, 1976; µ:Brown, 1991; £: SERI, 1984;  
δ: Arad, 1984; θ: Spolaore et al., 2006b; Ω: Sukenik, 1999 
 
2.1.2. Land use for biofuel and food security: 
 
At present, corn and sugarcane are the two major crops which are being extensively 
utilized for bioethanol production.  In the year 2008, USA produced 34.0 billion liters 
of fuel grade bioethanol from corn (Chiu et al., 2009) and Brazil also produced 27.5 
billion liters of fuel grade bioethanol from sugarcane (UNICA, 2009). Fuel grade 
bioethanol production from these two countries accounts 89% of the global production 
(Chiu et al., 2009). Motor vehicles in Brazil are currently using a petroleum fuel 
blended with at least 25% bioethanol (Grad, 2006). The US is also following suit by 
producing biofuel from corn and maize (Hill et al., 2006). However, due to additional 
process steps involved in converting corn starch to sugar prior to fermentation and 
distillation to alcohol, the net cost of fuel production is high compared to sugarcane 
(Hill et al., 2006). It has been estimated that converting all corn produced in the US 
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into bioethanol would only replace 13.8% of the nations gasoline demand (Hill et al., 
2006). 
 
Production of first generation bioethanol and biodiesel from terrestrial crops has come 
with significant environmental impacts.  Direct and in-direct land use changes have 
resulted in large scale deforestation of the Amazon forest for sugar cane and cattle 
ranching (Margulis, 2003), and in Southeast Asia for palm plantation (Phalan et al., 
2008).  
 
According to the Intergovernmental Panel on Climate Change (IPCC) approximately 
20% (2.6 × 10
9
 hectares) of the world‟s land surface is suitable for crop production 
(IPCC, 2001).Currently total global farmlands span across for 1.5 × 10
9
 hectares, 
which is more than half (i.e. 57.7%) of the available arable land (Cotula et al., 2008). 
According to the IPCC report, world energy needs in 2050 can be met by growing 
specific energy crops on 0.9 x10
9
 hectares, i.e. 81.8% of the remaining arable land - 
assuming the similar levels of productivity throughout the world and not accounting 
for freshwater needs for crop irrigation (IPCC 2001, Table 3.31).  In contrast, Huntley 
& Redalje (2007) projected that growing microalgae on 0.09 x10
9
 hectares of land 
would be sufficient to produce the required amount of biodiesel (i.e., 300 EJ/yr) by the 
year 2050. From the Table 2.1, it can be concluded that microalgae requires the least 
land footprint of all energy crops to meet projected  demand for liquid transportation 
fuels, be it biodiesel, bioethanol or both. Additionally, microalgae can be grown on 
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2.1.3. Use of freshwater for feedstock production:  
 
Water use in the production of biofuel can be divided into two parts; i) water used for 
biomass production; and ii) water used for processing the biomass into biofuel, where 
water requirement for production is significantly higher (Yang et al., 2009). All of the 
terrestrial energy crops require freshwater to grow, but requirements vary according to 
water utilization efficiency (WUE) i.e. biomass produced per unit of water utilized. 
The WUE of some crops are given in Table 2.2 with projections for generation of 1 
billion tonne of biomass. Miscanthus, a perennial grass has the highest WUE, where 
about 70 billion m
3
 of freshwater is needed to produce 1 billion tonne of biomass i.e. 
which the US has envisaged for liquid ethanol production (ORNL, 2005). For 
comparison, in the year 2000, the US withdrew 193 billion m
3
 of water for crop 
irrigation (USGS, 2001). Similarly, China is expecting to produce 12 million metric 
tonne of biofuel in the year 2020 which would require 32-72 billion m
3 
water per year 
– equivalent to the annual discharge of the Yellow River (Yang et al., 2009).  Hence, 
growing such energy crops will place severe strain on freshwater resources. As 
microalgae can be grown in seawater, competition for freshwater for irrigation and 
human consumption is avoided. 
 
Table 2.2: Water Utilization Efficiency (WUE) for crop biomass production  
 
Crop WUE 
(g dry matter/kg 
water) 
Water required to 






Maize 4 250 Tolk et al., 1998 
Sugarcane 5-8 200-125 FAOSTAT, 2001
 
Switchgrass 5 200 Kiniry et al., 2008 
Miscanthus 14.2 70 Brown et al., 2000 
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2.2. Potential of microalgae for biofuel production 
2.2.1. Biofuels production: 
The fatty acid fraction of the intracellular lipid generated via microalgae metabolism 
can be converted into fatty acid methyl esters (FAME) i.e. biodiesel via a chemical 
transesterification reaction (Ma & Hanna, 1999).  Fatty acids are present in microalgae 
as free fatty acids (FFA), triglycerides (TG), diglycerides (DG) and monoglycerides 
(MG) (Cohen, 1999). From 1 mole of TG, DG and MG, the maximum fatty acid yield 
will be 3, 2 and 1 mole respectively, where the fraction of FFA, TG, DG and MG 
varies between species.  Some microalgae, for example Botryococcous braunii, can 
also accumulate hydrocarbon molecules which can be used directly as a fuel (Galina et 
al., 2002).  
 
Microalgal lipid can also be catalytically hydrogenated into jetfuel (DAPRA, 2009) - 
unlike biofuel, ethanol or butanol which have lower energy densities (see Table 1.1). 
To date two airlines, i.e., Virgin Atlantic and Japan Airlines have successfully 
demonstrated that microalgae biofuel can be used as Jetfuel (VA, 2009; JAL, 2009). 
Current world aviation fuel demand is 70 billion liter/yr and it was estimated that 
growing microalgae on land the area of West Virginia (i.e., 6.28 million hectors) can 
meet the world aviation fuel demand (Morgan, 2008). From the residual depleted 
biomass, after the lipid extraction, other forms of biofuels can be generated so as to 
„stretch‟ the overall biomass energy yield. Anaerobic yeast fermentation can produce 
ethanol (Hirayama et al., 1998), and anaerobic decomposition yields methane for heat 
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2.2.2. Carbon capture and utilization: 
 
In the year 2007, approximately 29 billion tonne of CO2 was released in the 
atmosphere as a result of anthropogenic activities, and this increase to about 41 billion 
tonne by the year 2030 (EIA, 2009). A major fraction (i.e., 27%) of the emitted CO2 is 
derived from electricity and heat generation (IEA, 2009a). Coal, as the most abundant 
and cheapest primary energy source with proven reserves of 929.3 billion tonne, is 
sufficient for 137 years supply at current usage rates (EIA, 2009). The amount of CO2 
in flue gas following coal combustion varies from 10 to 15%. Although high compared 
to ambient atmospheric concentrations it is necessary to capture and concentrate the 
CO2 prior to long term sequestration in a geological reserve (NETL, 2001). Several 
techniques have been tested successfully to sequester CO2 from power station flue 
emissions; however, high costs of capture and the unknown consequences of 
sequestration remain as key constraints (Parfomak & Folger, 2008).  
 
Microalgae, being the most productive plant on earth, can produce up to 47.6g/m
2
/day 
biomass in an open pond (see Table 2.4). Assuming an average microalgae cell 
composition of CH1.83N0.11O0.48P0.01, it has been reported that 1.7 g of CO2 is needed to 
produce 1 g of biomass (Chisti, 2007; Wang et al., 2008; Doucha et al., 2005). Hence, 
1 tonne of CO2 can be theoretically captured and sequestered via the process of 
photosynthesis per day in a pond occupying 1.1 hectare of land. Flue gas can be 
directly introduced in the microalgae pond with no prior concentration or pre-treatment 
(Brown, 1996; Skjanes et al., 2007). Producing biofuels from such a system will again 
release the CO2 into the atmosphere upon biofuel combustion, and thus CO2 capture 
using microalgae is not truly carbon sequestration. However, the use of such biofuels 
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will displace the use of fossil fuels, as derived from geological reserves of crude oil, 
and therefore represents an overall carbon emission saving to atmosphere. 
 
2.2.3. Microalgae and nutrient sequestration: 
 
Microalgae have been used to metabolically sequester and remove macronutrients i.e. 
N and P from eutrophic natural water bodies and industrial waste water (Aslan & 
Kapdan 2006; Gonzales et al., 1997; Lee, 2001; Martinez et al., 2000). In particular, P 
is a geologically limited resources (Dery & Anderson, 2007) and over consumption of 
nitrogen, principally in the form of N-fertilizers, is responsible for widespread 
eutrophication. In wastewater treatment lagoons, microalgae are used to sequester 
excess nutrients and provide oxygen to aerobic microbes to lower biochemical oxygen 
demand (BOD) (Pedroni et al., 2003). However, the density of microalgae in lagoons 
is too low to commercially exploit the biomass as a feedstock for biodiesel 
(Benemann, 2008). Aslan & Kapdan (2006) observed that Chlorella vulgaris was able 
to remove between 1.5 and 3.5 mg of phosphate per liter of waste water which 
provides a way to separate phosphorus within the biomass and minimizes the potential 
for unwanted eutrophication.  Some of the freshwater microalgae have the ability to 
uptake organic matter in mixotrophic metabolism in order to support photosynthesis in 
conditions where light penetration is limited (Wood et al., 1999). Thus nutrient and 
organic rich waste water may be used to grow microalgae as a biodiesel feedstock 
(Mata et al., 2010). 
 
2.2.4. Microalgae and non-biofuel products: 
 
An algal cell may be considered as a multi-functional nano-scale factory with the 
capacity to produce a range of products of interest (Rosenberg et al., 2008). To date, 
only a few microalgae have been chemically characterized to screen their potential 
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value as biofuel feedstocks or pharmaceutical properties (Olaizola, 2003). For example 
Nannochloropsis oculata is well known for its high biomass and lipid productivity; 
thus it is suitable for biodiesel production. In the year 2002, a company, Pentapharm 
(Basel, Switzerland) has produced a chemical branded as „Pepha-Tight‟, which is 
claimed to have excellent skin tightening properties and is derived from a metabolite of 
Nannochloropsis oculata (Pentapharm, 2009). Similarly face and skin care products 
are in production that are derived from Arthospira sp., and Dunaliella salina (Spolaore 
et al., 2006a). Docasahexanoic acid (DHA) is vital for child brain and eye, and for 
adult cardiovascular health (Kroes et al., 2003). Eicosapentanoic acid (EPA) is another 
important polyunsaturated fatty acid is known to lower the risk of cardiac arrest 
(Harper & Jacobson, 2005). EPA and DHA are both found as lipids in microalgae, and 
although not suited for biodiesel production via transesteerification can be separated 
and purified as high value products (Molina et al., 1991).  
 
Photosynthetic microalgae produce numerous pigments; carotenoids are used as food 
and cosmetic colourants (Campo et al., 2000; Gonzalez et al., 2005); astaxanthin is 
used as an anti-oxidant nutraceutical (Huntley & Redalje, 2007); and phycobiliproteins 
are used as food dyes and cosmetics (Yamaguchi, 1997; Becker, 2004).  
 
2.2.5. Microalgae and Protein: 
 
Producing meat protein via conventional farming practices requires at least five times 
more energy and land than cereal protein, but global meat consumption is rising as 
gross incomes rise in developing countries (Kawashima et al., 1997). While it is 
important to increase the animal protein production, use of excess grain and left over 
biomass, i.e., straw, leaves, in fuel production may affect badly the livestock feed 
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supply. Even growing dedicated plants for energy production will consume nitrogen 
fertilizer and increase the pressure on fertilizer for food crops. It was estimated that the 
nitrogen fertilizers production must be tripled by the year 2100 just to meet the human 
food consumption (Kawashima et al., 1997).   
 
As early as the 1950s, following the end of World War II and predictions of  
insufficient global food supply, research commenced on the potential of microalgae as 
a viable source of protein (Burlew & John, 1953). Currently Spirulina and Chlorella 
whole cell are sold in the market in pellet forms as premium source of protein 
(Spolaore et al., 2006a). From the table 2.1, it can be concluded that after making 
biodiesel and or bioethanol from microalgae biomass, still significant amount of 
biomass will be left as protein; values can range from 25.0-128.9 t/ha/yr.  
 
2.3. Key Challenges:  Microalgae-to-Biodiesel 
 
2.3.1. Microalgal culture mode for feedstock production 
 
Some of the microalgae have the ability to utilize organic carbon source for growth in 
the dark (i.e. heterotrophic culture mode) – which offers the possibility of increasing 
cell concentration and production by eliminating the requirement for light (Lee, 
2001).There is substantial debate in the literature as to whether microalgae feedstocks 
for biofuel are more efficiently generated from phototrophic, as opposed to 
heterotrophic, production methods. Some microalgae, when grown in the presence of a 
fixed carbon source (glucose), have proven to have an ultra high biomass and oil 
productivity i.e., >20 g/l as biomass and >50% of the dry weight as lipid compared to 
phototrophic production (Li et al., 2007). Other benefits of heterotrophic culture 
include; i) microalgae cell densities of over >20 times higher than phototrophic culture, 
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rendering cell harvesting more efficient, ii) a reduced water demand; iii) no light 
requirement with associated benefits in energy and space requirement (Lee, 2001). 
However, the major drawback of heterotrophically generated biomass is the need for a 
fixed-carbon source, thereby rendering it in competition for starch and sugars, as for 
first generation biofuels. Bio-ethanol production by yeast is mainly a two step process 
i.e. i) production of bio-ethanol from sugar; and ii) separation of bio-ethanol from 
water; whereas production of FAME from heterotrophic microalgae requires four 
distinct steps: i) using sugar as a substrate to grow the microalgae; ii) extraction of the 
oil from the harvested biomass; ii) producing biodiesel from the extracted lipid; and iv) 
separation of biodiesel from the solvent mixture (Li et al., 2007).  
 
2.3.2. Microalgae strain selection:  
 
Selection of a suitable microalgal strain is one of the most important criteria for 
biodiesel feedstock production. Out of the estimate 100,000 strains of microalgae that 
exist in nature, only a few of them are characterized for their potential for feedstock 
production (Sheehan et al., 1998). Microalgae are naturally acclimatized to a range of 
aquatic habitats, and it is sensible to use strains for feedstock production that are 
isolated from native environments. A number of factors require consideration for high 
and consistent feedstock productivity, as follows: 
2.3.2.1. Growth rate and intracellular lipid content: 
 
Oil productivity of microalgae is reported as high as 100,000L/ha/yr, otherwise 
expressed as 27.5ml/m
2
/d for a shallow, open pond system (raceway pond) (Chisti, 
2007; Peer et al., 2008).  This would require a biomass productivity of 36.7 g/m
2
/d 
with 75% oil content or 50 g/m
2
/d with 50% oil content or 91.6g/m
2
/d with 30% oil 
content; none of these were observed in the literature (see Table 2.1 and 2.3). 
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Botryococcus brauni has been reported to accumulate 70-80% of its cell weight as 
lipid, but has a low biomass productivity of only about 3.0 g/m
2
/d (Chisti, 2007; Mata 
et al., 2010).  For other faster growing strains (Table 2.4) areal productivity can range 
from 12 to 47.6 g/m
2
/d, but intracellular lipids levels are typically lower than 30%. 
When projecting areal oil productivity, both biomass productivity and oil content from 
must be considered, and is most accurately defined by multiplying the areal biomass 
productivity (preferably, the annual average) and the intracellular oil content at the 
time of harvesting. Table 2.3 lists growth rate, lipid content and optimum culture 
temperature of the most studied microalgae to date.  
 
 
Table 2.3: Growth rate and oil content of some of the microalgae 
 












Chlorella minitussima  0.43 31.0 25 Illman et al., 2000 
 Tetraselmis suecica 0.86 11.5 25
0
C Molina et al., 1991 
 Nannochloropsis oculata 0.43 29.7 21
0
C Spolaore et al., 2006b 




C Yongmanitchai & Ward, 1991 
 Haematococcus pluvialis 0.25 25.0 18
0
C Huntley & Redalje, 2007 
 Pleurochrysis carterae 0.54 25.0 28
0
C Moheimani, 2005 
 Isochrysis galbana 0.62 25.0 30
0
C Zhu & Lee, 1997 
Botryococcus  Braunii 0.18 75.0 25
0
C Li & Qin, 2005 
 
              ξ: Molina, 2003b 
  
2.3.2.2. Tolerance to extreme culture conditions 
 
Mass culture of microalgae for biodiesel production will require the use of outdoor 
open pond systems, or raceway ponds. Contaminations of pure culture from other 
invasive microalgae species are normally associated with open system (Dismukes et 
al., 2008; Peer et al., 2008).  Such invasive species may have superior growth rates 
allowing them to suppress the strain of interest and impair lipid yields and overall 
productivity (Benemann, 2008).  
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Invasive microalgae should be prevented, or at least minimized, by selecting a 
microalgae strain that can grow tolerate extreme conditions, that invasives cannot. 
Three microalgae strains that are currently mass cultured in outdoor open ponds that 
are cultured in extreme conditions for consistent productivity include; Dunaliella 
salina in hypersaline water, Spirulina platensis grown at high pH; and Chlorella sp. 
grown at high nutrient loading (Lee, 2001). For any selected strain, such extreme 
conditions should be optimised. Altering pH of the entire culture is feasible but 
requires addition of acids or bases, and extreme eutrophy requires excessive use of 
fertilizes. An increased salinity represents a favourable option. Because of the daily 
evaporation loss from the open pond, the salinity of the culture would increase and 
growing a saline-tolerant strain can circumvent the problem.  
 
2.3.2.3. Intracellular lipid enhancement  
Once microalgae reach the stationery phase of the growth cycle and nutrients are 
depleted, they switch cell metabolism and store energy in the form of lipids as an 
environmental stress response (Thomas et al., 1984; Sukenik, 1999). The switch can be 
protracted with no net biomass productivity, lowering productivity. Thomas et al. 
(1984) reported that under nutrient deficient condition oil productivity was lesser than 
5g/m
2
/day. Metabolic stress agents have also been tested in an attempt to enhance 
intracellular lipid content; a herbicide, SAN 9785, was used to increase the EPA 
production by 28% in Porphyridium cruentum (Cohen, 1999), but their use is limited 
to indoor, closed culture systems due to expense and environment concerns.  
 
Some microalgae have are known to undergo more rapid cell replication in the 
presence of a fixed-organic carbon source with higher accumulations of intracellular 
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lipid (Wood et al., 1999). However, addition of organic carbon at the start of the 
culture cycle, in open systems, is likely to induce contamination of heterotrophic 
bacteria. Hence, addition of fixed-carbon sources needs to be conducted with care, at a 
late stage in the biomass production cycle to minimize the contamination potential. 
The use of municipal waste water, as it contains both fixed organic carbon and 
nutrients is an attractive prospect for mixotrophic culture of biomass. 
2.3.3. Microalgae strain enhancement:  
 
Lipids produced inside microalgae cell comprise fatty acid of various carbon chain 
length suited for different types of biofuel. The potential exists to modify the lipid 
profile of strains of interest without affecting growth rate (Alonso & Castillo, 1999). 
Manipulation of the microalgae genome to improve overall algae oil productivity is 
also possible using various approaches. Strategies may include generic modification to 
increase cell replication, intracellular lipid content and photosynthetic efficiency. The 
first two strategies are not always complimentary. But the last has significant potential 
if it overcomes challenges such as mutual cell light shading. Most microalgae have an 
excess of light harvesting complexes (LHC) used to absorb light energy for 
photosynthesis (Melis et al., 1999). Excess LHC activity results in wastage of 
incidental light energy. Hence microalgae with a genetically reduced number of LHCs 
allow light to penetrate deeper into the culture from the illuminated surface, resulting 
in a higher productivity.  Kok (1953) was the first to propose that a truncated 
chlorophyll antenna size might enhance the light utilization. Melis et al. (1999) 
observed that by exposing microalgae to a high light intensity reduced chlorophyll 
antenna size, where subsequent growth was more than three times greater than normal 
conditions. In contrast, Huesemann et al. (2009) reported that a mutated strain of 
Cyclotella cryptica, with fewer LHCs, had a lowered productivity relative to the wild 
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type due to a prolonged lag period after inoculation. Clearly, such genetic 
modifications require more fundamental research before the prevalent use of 
genetically modified in an open environment.  
 
2.3.4. Mass culture:  
 
Laboratory scale demonstrations have shown impressive results for the potential scale-
up of microalgae biomass production for feedstock to replace conventional petroleum 
oil-based fuels (Huntley & Redalje, 2007). However, reproducibility of laboratory 
results in larger outdoor systems is uncertain due to constraints related to seasonal 
climate variations, culture contamination, salinity changes due to evaporation, and CO2 
supply.  
 
2.3.4.1. Open vs. closed culture systems 
 
Two types of mass culture methods are currently practiced commercially i.e. closed 
and open system. In Germany, the longest closed-system photo-bioreactor (PBR), with 
a capacity of 700 m
3
, has been in operation since 1999 (Pulz, 2001; Eriksen, 2008). All 
commercial PBRs are currently used for high value pharmaceutical products, not lower 
value biofuel feedstocks (Spolaore et al., 2006a).  In Australia, China, Japan, Taiwan, 
India, US and Israel open culture techniques are currently used to produce food 
supplements and fish feed (Lee, 2001). Closed systems provide excellent 
reproducibility due to operational control, superior light and CO2 utilization, minimal 
water loss, and lowered risk of culture contamination (Peer et al., 2008; Benemann, 
2008). Despite these advantages, the closed system cannot be economically scaled up 
to produce biomass feedstocks due to high material and operational costs (Peer et al., 
2008; Weissman et al., 1988).  
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However, the use of a PBR to serve as an inoculum for an open pond system 
circumvents many of the constraints. The combined use of both PBRs and raceway 
ponds for biomass production involves the use of a high quality inoculum into a 
raceway pond, of much larger capacity, for generation of large amounts of biomass 
with a substantially lowered risk of productivity impairment due to culture 
contamination (Huntley & Redalje, 2007). Contamination of the raceway pond from 
extraneous invasive microalgae can be minimized by adopting several methods, 
including:  
 
(1) Using a high ratio of inoculum to pond capacity to minimize culture time, and the 
associated maintenance cost.  The inoculums ratio can be adjusted according to strain 
growth rate, lipid accumulation and harvesting period. 
 
 (2) Using a minimum growth period in the raceway pond (usually not more than 3-4 
days) so as to minimize evaporation losses. Although maximum productivity is usually 
attained by harvesting a major fraction (50% or higher) of the pond each day, 
maintaining such cultures for longer time periods renders the pond culture susceptible 
to contamination (Huntley & Redalje, 2007).  
 
(3) The use of a microalgae strain that can grow in extreme culture conditions. For 
example, Chlorella invasion of Spirulina culture can be minimized by adding 
bicarbonate and raising pH; and amoeba grazers can be suppressed by using ammonia 
as the N-source (Cohen, 1999).  Dunaliella salina can grow in higher salinities, and 
Chlorella sp. can grow in nutrient-rich conditions, whereas Glaradaria sulphuria can grow 
in low pH (pH 2.0) culture (Borowitzka, 1999; Gross et al., 1998). 
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2.3.4.2. Optical light path of the culture system:  
 
Areal productivity in an open pond microalgae culture is lower than a PBR because of 
the prevailing high cell density near the surface of a pond relative to deeper levels (see 
Table 2.4). Typical values of areal productivity for some microalgae are given in Table 
2.4. Microalgae are very efficient in absorbing the light, but once cell density increases 
incident light is absorbed within the top layer thereby denying underlying cells of light. 
Cell mixing in the pond is most commonly achieved using a paddle wheel to provide a 
laminar velocity of 15 to 20cm/sec; where an increase in velocity and turbulent mixing 
can be achieved using an elevated power input in accordance with the cube power law 
(Sheehan et al., 1998). Average depth of a raceway pond used for microalgae 
cultivation is usually about 20 cm; where greater depth results in lowered biomass 
density (Moheimani, 2005).  
 
Table 2.4: Areal productivity of some of the microalgae in open culturing 
 

















Chlorella sp. 22 16200 - 365 days Tsukada et al., 1977 
Cyclotella sp. 12.0 2.8 77 8 days Huesemann  et al., 2009 
Hamatoccocus pluvials 36.4 417 12 365 days Huntley & Redalje, 2007 
Isochrysis galbana 23.6 100 - 12 days Arad, 1984 
Nannochloropsis sp. 22.0 3000 20 365 days Sukenik, 1999 
Phaeodactylum tricornutum 20.0 3 - - SERI, 1984 
Pleurochrysis carterae 47.6 1 21 14 days Moheimani, 2005 
Scenedesmus 23.0 50 - 62 days Vendlova, 1969 
Tetraselmis suecica 42.0 48 12 78 days Laws et al., 1986 
 
2.3.5. Biomass harvesting:  
 
Microalgae cell size ranges between 3 to 30µm, which represents a challenge for the 
efficient separation of biomass from the culture broth (Danquah et al., 2010). The 
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concentration of biomass in the culture broth is typically in the range of 300 to 
500mg/l where such low cell densities result in cell harvesting contributing up to 40% 
of the total energy investment for recovery and drying of biomass (Molina et al., 
2003a).  
 
Several techniques are available to harvest microalgae, including cell coagulation, 
filtration and centrifugation (Sim, 1988). For low value end products, filtration and 
centrifugation are not economically feasible due to high processing cost (Molina et al., 
2003a). Existing coagulation and flocculation processes are the least energy intensive, 
but time consuming. Table 2.5 provides a comparative overview of different 
microalgae harvesting techniques with respect to relative power requirements and 
processing capacity.  
 


















Electrolysis No 4500 Δ Conteras et al., 1981 
Centrifugation No 1300 4
 
Sim, 1988 
DAF Yes 40-80 Δ Sim, 1988 
Drum Filtration No 300 17 Sim, 1988 
Coagulation-
Flocculation 
Yes 53 Δ δ 
 
Δ depends on size of the chamber; δ  theoretical value calculated from, Camp & Stein equation P = 
G
2
µV; where P =power in Watt,  G=velocity gradient (1/s); µ = viscosity of water=10
-3
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Hence, a low-energy, robust and rapid microalgae harvesting technique would 
significantly improve the overall energy balance and cost-effectiveness of producing 
microalgae feedstocks. 
 
2.3.6. Lipid extraction and biodiesel production from harvested biomass  
 
After harvesting, recovered biomass typically contain at least 90% water by weight 
(Molina et al., 2003a). The complete drying of 1 kg microalgae biomass consumes at 
least 3.6MJ of heat energy yielding (i.e., heating 1 kg of wet biomass to 100
0
C and 
then evaporating 900g of water) 100g of dry biomass of 2MJ of total energy 
(considering 1 kg dry biomass has approximately 20 MJ energy (Sialve et al., 2009)). 
Hence conventional drying methods for processing biomass are not cost-realistic. 
Radiated heat from the sun can be used directly to dry the microalgae at no cost, but is 
time consuming unpredictable, and may result in product contamination. Another 
option may be the use of flue gas not only to supply requisite CO2 for phototrophic 
culture, but also to provide the heat to dry a harvested microalgae slurry.  
 
Intracellular lipid-oil is typically extracted from the dry biomass by using appropriate 
solvents (Li et al., 2007; Huntley & Redalje, 2007). After extraction the lipid it is 
transesterified to produce FAME or biodiesel. Molina et al. (2003a) has reported that 
FAME could be produced directly from wet biomass harvested by centrifugation.  
Since coagulation and flocculation is the least energy intensive process for harvesting, 
it is necessary to see the performance of this technique in the presence of residual 
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2.4. Summary: 
Although microalgae biomass has the potential to provide a sustainable feedstock for 
the production of FAME, substantial improvement is required in biomass production, 
harvesting, lipid extraction and conversion process to biodiesel.  
 
Achieving high biomass densities prior to harvest requires the isolation and 
enhancement of a fast growing microalgae strain with sufficient intracellular lipid 
content. Energy intensive steps in the feedstock production process include: water 
transmission and usage; PBR culture illumination; culture agitation and mixing, cell 
harvesting, biomass drying, lipid extraction and harvesting.  It is within this context 
that the research aim and objectives, as outlined in Section 1.5 of Chapter 1, were 
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Chapter 3 
Screening and Enhancement of Intracellular Lipid of Microalgae 
under Mixotrophic Culture for Biodiesel Feedstock 
 
3.1. Introduction 
Mass cultivation of microalgae is currently undertaken in several parts of the world to 
produce fish feed, pharmaceuticals and health supplements (Spolaore et al., 2006a; 
Borowitzka, 1995; Cardozo et al., 2007). Having the highest photosynthetic efficiency 
of any plant, microalgae represent an ideal feedstock for biofuel production, be it 
ethanol or biodiesel (Sheehan et al., 1998; Chisti, 2007; Posten & Schuab, 2009). 
Microalgae can be grown in presence of light in photoautotrophic culture, or the 
presence of both light and fixed organic carbon in mixotrophic culture, or, in certain 
cases, in the presence of organic carbon alone, in darkness in heterotrophic culture 
(Lee, 2001; Eriksen, 2008). All three modes can be applied to closed bioreactor 
systems, but in open culture systems only photoautotrophic growth can be exploited. 
Growing microalgae in a closed system, solely for biofuel production, is regarded as 
too energy intensive costly to be economically feasible (Chisti, 2007; Weissman et al., 
1988). However, culture of microalgae in open system induces the risk of culture 
contamination via the invasion of competing microalgae species (Okauchi, 1991; 
Gonen-Zurgil et al., 1996; Sukenik, 1999) that ultimately reduce the productivity of 
the desired product. To date, only a few microalgae species have been successfully 
grown in large open culture systems for commercial purposes.  These include 
Dunaliella salina, Chlorella sp. and Spirulina platensis, all of which are grown in 
extreme conditions of high salinity, nutrient concentration and pH, respectively 
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(Spolaore et al., 2006a). Thus, it is necessary to identify new strains of microalgae 
suited for biodiesel feedstock production that can tolerate extreme conditions to 
minimize risk of extraneous culture contamination. Evaporation is commonly observed 
in open raceway pond and which requires addition of freshwater to maintain the 
salinity. Hence, if a strain can grow in hyper saline seawater, freshwater addition can 
be avoided. It may also minimize the growth of other unwanted microalgae. 
 
Microalgal cell consists of carbohydrate, protein and lipid, where the composition 
varies between species (Brown, 1991). Under optimum growth conditions, unicellular 
microalgae synthesize protein to maintain cell growth (Sukenik, 1999), where 
carbohydrate and lipid are present in lesser quantities. By altering the culture growth 
condition, cell composition can be varied, where enhancement of intracellular lipid 
content for feedstock production is usually achieved via starving the cell of inorganic 
nitrogen (Mayzaud et al., 1989) or other elements required for cell growth (Shifrin & 
Chisholm, 1981; Rosseler, 1988). For such strategies, optimum growth conditions are 
curtailed, as is biomass productivity. However, in the presence of light and absence of 
nitrogen, microalgae still fix carbon via photosynthesis (Ben Amotz & Avron, 1983). 
In the absence of nitrogen, fixed carbon sources cannot be metabolized for protein 
synthesis and this results in a switch in metabolism towards intracellular lipid 
production. Shifrin & Chisholm (1981) observed that deprivation of essential nutrients 
to cyanobacteria for 4 to 9 days resulted in a 2 to 3 fold increase in intracellular lipid 
content. However, starving the cell to enhance lipid content takes time, and will 
ultimately result in low overall biomass productivity. Although most microalgae use 
inorganic carbonate or carbon dioxide, some species have the ability to grow in the 
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presence of a fixed organic carbon source in addition to light i.e. in a mixotrophic 
condition (Borowitzka, 1999; Wood et al. 1999).  
 
Mixotrophic growth of several species of microalgae, when grown in the presence of 
an appropriate carbon source, have been shown to accumulate more intracellular lipid 
relatives to those grown under photoautrophic conditions alone e.g., Chlorella sp. 
(glucose), Phaeodactylum tricornutum (glycerol), Nannochloropsis sp. (glycerol) 
(Liang et al., 2009; Camacho et al., 2004; Wood et al., 1999). Critically, biomass 
productivity is also enhanced (Lee, 2001). To date, all mixotrophic culture experiments 
for microalgae have been conducted under sterile conditions in closed laboratory 
systems. In contrast, addition of organic substrates in an open system is likely to attract 
invasive heterotrophic bacteria, resulting in a low biomass yield. For example, a 12.5% 
volumetric inoculums into an open system will require three consecutive cell doublings 
to reach an equivalent cell density. To harness the advantage of mixotrophic culture, 
suitable organics may be introduced into an open system prior to final cell division and 
harvesting, where the target strain culture density will be sufficiently high to minimize 
the impact of biological contamination.  
 
The objectives of this study are to: i) screen local strains of marine microalgae from 
Singapore‟s coastal marine waters that have the ability to grow in hypersaline 
seawater, and ii) to study the feasibility of lipid enhancement of selected microalgae by 
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3.2. Materials and Methods: 
3.2.1. Algae strains and growth medium 
All five strains used in this study were previously isolated from Singapore‟s coastal 
seawater. Two stains were identified as from the genera Nannochloropsis (3-4µm in 
size). The other three strains were brown and the genera could not be identified (8-12 
µm in size). All strains were cultured in sterilized seawater enriched with NaNO3, 
1mM; KH2PO4, 0.1mM; Na2SiO3.9H2O, 0.04mM; FeC6H5O7.5H2O, 2µM; 
MnCl2.4H2O, 3 µM; Na2MoO4.2H2O, 3 µM;, ZnSO4.7H2O, 20 µM; EDTA, 52.8 µM; 
vitamin B12, 0.5 µg/l; biotin, 0.5 µg/l; thiamine. HCl 100 µg/l; pH=8.2. 
 
3.2.2 Growth in hypersaline seawater 
The salinity of the collected seawater was 35ppt, as measured by a Sper Scientific Salt 
Refractometer. 35g/l sea-salt was added to this seawater, giving a total salinity of 70 
ppt (i.e. double of the original sample). The ability of isolated strains to grow in 
hypersaline conditions was studied by culturing strains in the enriched media relative 
to a normal seawater control.  
 
3.2.3. Growth in mixotrophic culture 
During the first phase of culture, Nannochloropsis was grown in 5 liter vessels, where 
500 ml of axenic culture, in exponential growth phase, was inoculated into 4.5 liter 
autoclaved seawater. The culture was kept at 25
0
C, with an air infusion at 0.1v/v/min 
and exposure to 10,000 lux light provided by white fluorescent lighting with a 
12hr/12hr light/dark cycle. 50 ml of culture suspension was collected from the culture 
vessels on the 5th, 6th and 7th
 
day, and biomass was harvested via centrifugation at 
4,500 rpm for 5 mins, followed by freeze drying for 12 hours in a Christ Alpha 2-4 
freeze dryer unit. After 7 days of growth, 200 ml of the cultures was placed into 250 
ml culture flasks containing different carbon sources at a concentration of 2g/l i.e. 
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glycerol, glucose & sucrose, or 1g/l i.e. sodium acetate. No other nutrients were added, 
and mixing in the culture flasks was achieved via filtered air infusion at 0.1v/v/min. 50 
ml of culture suspension was collected each day, centrifuged and freeze dried, as 
described above. For each carbon source three culture flasks were used and lipid 
fractions were determined for each flask and then average lipid content was reported.  
 
3.2.4. Determination of biomass concentration: 
Cell concentration was determined by measuring optical density i.e. absorbance value 
of the culture suspension at wavelength 680 nm in a double-beam Hitachi 2910 
spectrophotometer. Correlations between optical density (OD680) and cell 
concentration for all strains were established via regression, where Y =66.5X+0.33 (r
2
 
= 0.97), Y =59.8X+0.73 (r
2
 = 0.98), Y = 5.13X-0.84 (r
2
 = 0.99), Y = 2.76X-0.19 (r
2
 = 
0.98) and Y=1.5X+0.02 (r
2
 = 0.97) for Nannochloropsis Strain 1, Nannochloropsis 
Strain 2, Diatom Strain 1, Diatom Strain 2 and Diatom Strain 3 respectively, where Y 
is the cell concentration measured in millions of cells per ml, and X is the OD680. 
 
3.2.5. Determination of growth rate 







µ= specific growth rate, N1 and N2 are the number of cells/ml at the time t1 and t2 
respectively. 
 
3.2.6. Lipid analysis: 
10 mg of freeze dried biomass was placed into an open 20 ml crimp cap vial, and a 4 
ml solution containing methanol and HCl (HCl : CH3OH = 1:10) was added. The vial 
was immediately closed using Teflon coated septum and a crimped aluminum cap 
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before placing in an ultrasound water bath for 10 minutes to lyse the cells. Vials were 
then placed in an oven at 90
0
C for 2 hours, prior to FAME extraction using Hexane, 
followed by FAME analysis in an Agilent 7890 Gas Chromatograph fitted with a flame 
ionization detector (GC-FID). FAME synthesis and extraction from the freeze dried 
algae biomass was completed using the method described by Lewis et al. (2000).  
 
3.3. Results and discussion 
3.3.1. Growth in hypersaline water: 
Growth curves of the five strains grown in normal and hypersaline waters are shown in 
Figure 3.1 and Figure 3.2, respectively. Both Nannochloropsis strains showed higher 
specific growth rates compared to the diatoms (see Table 3.1). Although the specific 
growth rates of both Nannochloropsis strains were slightly lower in hyper-saline water, 
none of the diatoms could grow (see Figure 3.2). Okauchi (1991) reported that an 
outdoor culture of Nannochloropsis sp. was readily contaminated by cyanobacteria, 
diatoms and benthic algae. The use of chlorination, antibiotics (Sukenik, 1999) and 
herbicides have been proposed (Gonen-Zurgil et al., 1996) to prevent contamination of 
Nannochloropsis culture. Growing Nannochloropsis at an elevated salinity will assist 
in minimizing extraneous biological contamination, without the use of chemicals and 
only a marginal reduction in biomass productivity. Of the two Nannochloropsis strains 
tested, Nannochloropsis Strain 1 had a higher specific growth rate in both normal and 
hypersaline water (see Table 3.1), and was thus used for subsequent studies on the 
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Figure 3.2: Growth curve of 5 marine microalgae in hypersaline water 
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Table 3.1: Specific growth rates of marine microalgae in normal (35 ppt) and 
hypersaline (70 ppt) seawater 
  
Strain Maximum specific 









Nannochloropsis sp. 1 0.63 ± 0.01 0.57 ± 0.01 
Nannochloropsis sp. 2 0.57 ± 0.05 0.54 ± 0.02 
Diatom 1 0.48 ± 0.01 - 
Diatom 2 0.46 ± 0.02 - 




3.3.2. Lipid accumulation in photoautotrophic culture 
The photoautotrophic growth curve of Nannochloropsis sp. is shown in Figure 3.3. 
Log phase, exponential growth was observed between day 3 to day 8 of culture.  Lipid 
accumulation (as FAME) was measured at 8.64%, 8.95% and 9.48% of biomass dry 
weight following harvesting after 5, 6 and 7 days respectively (see Figure 3.4). Low 
levels of lipid accumulation during the exponential phase can be explained by the 
strain fulfilling its biotic potential and diverting maximum carbon and energy into cell 
growth and reproduction. The major lipid class present in the log phase was C20:5 
(EPA), which comprised more than 42.9% of total FAME (see Table 3.2). Sukenik 
(1991) reported that Nannochloropsis sp. synthesized C20:5 (EPA) as the major lipid 
type under the conditions that provided maximum biomass productivity. The relative 
composition of other major FAMEs i.e., C16:0, C16:1, C14:0 increased with culture 
time (see Table 3.2). However, as the culture approached stationery phase, lipid 
content increased and maximum lipid content was obtained at 14.74% biomass dry 
weight after 10 days (see Figure 3.4). Nannochloropsis Strain 1 reached a biomass 
concentration of 510 mg/l after the 7
th
 day, and 590 mg/l after 10 days, representing a 
54.8% increase in lipid content.  For the final 3 days of culture, the average net 
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biomass productivity was 27mg/l/day. Hence, enhancement of lipid content by limiting 
growth conditions at the stationery phase is less productive.  
 




Table 3.2: Fatty acid composition of Nannochloropsis Strain 1 during the exponential 
growth phase (each value is the mean of three samples)  
 
Fatty acid of total fatty acids 
(%w/w) 
Day 5 Day 6 Day 7 
C 12:0 1.45 ± 0.15 1.74 ± 0.19 1.34 ± 0.12 
C 14:0 4.92 ± 0.22 3.40 ± 0.20 5.61 ± 0.48 
C16:1 19.66 ± 0.06 19.78 ± 1.25 22.05 ± 2.00 
C16:0 16.08 ± 0.11 16.36 ± 0.05 17.62 ± 0.52 
C18:3n6C 1.68 ± 0.12 1.60± 0.10 1.46 ± 0.11 
C18:1n9C 4.23 ± 0.40 4.51 ± 0.42 5.04 ± 0.44 
C18:2n6C 1.05 ± 0.01 1.21 ± 0.01 1.61 ± 0.17 
C18:0 1.59 ± 0.10 1.99 ± 0.06 1.43 ± 0.12 
C20:4n6 1.07 ± 0.15 1.82 ± 0.30 0.92 ± 0.21 
C20:5n3 44.39 ± 0.10 43.60 ± 1.18 42.9 ± 1.22 
Others
 3.71 ± 0.06 2.96 ± 0.04 3.38 ± 0.16 
Total (as % of dry biomass) 8.63 ± 0.13 8.95  ± 0.26 9.48 ± 0.21 
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 day.  
 
3.3.3. Biomass and lipid enhancement in mixotrophic culture 
Biomass concentrations of Nannochloropsis Strain 1 in mixotrophic culture are given 
in Table 3. Net biomass yield, in different culture conditions, for the last three days of 
growth were calculated by subtracting the average biomass concentration (i.e., 510 
mg/l) of the culture on day 7 from the respective biomass yields. Hence, the average 
mixotrophic biomass productivities were 87, 103, 80 and 100 mg/l/d for glucose, 
sucrose, acetate and glycerol additional respectively, compared to 27 mg/l/d for the 
photoautotrophic culture (see Tables 3.2 and 3.3). As Nannochloropsis Strain 1 
approached a biomass concentration of 500mg/l, light became a limiting factor for 
growth and net biomass productivity declined. The higher biomass productivity 
achieved in the presence of an organic substrate can be explained by the fact that 
Nannochloropsis Strain 1 is capable of mixotrophic growth i.e. utilizing organic 
substrates to supplement photoautotrophic growth.  
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Table 3.3: Comparison of Fatty acid composition of Nannochloropsis sp. during the 
third day of mixotrophic growth phase with phototrophic growth; each value is the 
mean of three independent samples. 
 
Fatty acid of 
total fatty acids 
(%w/w) 











C 12:0 1.04 ± 0.06 1.19 ± 0.07 1.13 ± 0.07 1.00 ± 0.03 1.16 ± 0.01 
C 14:0 6.56 ± 0.01 6.08 ± 0.02 6.62 ± 0.06 8.08 ± 0.06 9.23 ± 0.52 
C16:1 22.41 ± 0.12 21.88 ± 0.06 22.5 ± 0.06 28.87 ± 0.01 21.46 ± 0.16 
C16:0 25.21 ± 0.04 25.24 ± 0.13 27.74 ± 0.13 30.69 ± 0.19 26.79 ± 0.71 
C18:3n6C 0.77 ± 0.05 0.89 ± 0.05 0.77 ± 0.06 0.53 ± 0.05 0.72 ± 0.09 
C18:1n9C 3.122 ± 0.06 3.33 ± 0.09 2.92 ± 0.15 2.07 ± 0.11 2.27 ± 0.32 
C18:2n6C 3.68 ± 0.02 4.08 ± 0.01 4.27 ± 0.01 3.50 ± 0.04 2.76 ± 0.64 
C18:0 0.98 ± 0.10 1.25 ± 0.12 1.01 ± 0.11 1.23 ± 0.41 1.43 ± 0.65 
C20:4n6 3.96 ± 1.12 4.03 ± 1.13 5.11 ± 0.04 3.47 ± 0.05 3.74 ± 0.23 
C20:5n3 30.194 ± 1.63 28.56 ± 1.21 25.51 ± 0.08 18.85 ± 0.33 26.15 ± 1.42 
Others
 2.06 ± 0.18 2.70 ± 0.24 2.43 ± 0.05 1.75 ± 0.09 4.36 ± 0.27 
Total (% of dry 
biomass) 




590 ± 70 770 ± 40 820 ± 30 750 ± 50 801 ± 30 
Net increase in 
biomass for last 
3 days (mg/l) 
80 260 310 240 291 
Daily average 
biomass growth 
for the last 3 
days (mg/l/d) 
26.67 86.67 103.33 80.00 87.00 
 
 
Intracellular lipid contents, as expressed by FAME content, for the different organic 
substrates after each separate day of mixotrophic growth are given in Figure 3.4,  and 
followed the order glycerol > acetate > sucrose > glucose. The lipid content of 
Nannochloropsis Strain 1, in the presence of glucose and sucrose, was similar to the 
lipid content measured in photoautotrophic culture; and the presence of acetate and 
glycerol resulted in a higher FAME content (see Figure 3.4 and Table 3.3), reaching a 
maximum of 19.06% of dry biomass in the presence of glycerol after the third day of 
mixotrophic growth. Thus, FAME content was increased by almost 30% in the 
presence of glycerol relative to photoautotrophic culture. Therefore, by adding the 
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appropriate substrate, i.e., glycerol, both biomass and lipid production can be 
enhanced. Maximum FAME productivity was observed for glycerol i.e. 52mg/l/day - 
about 86% higher than phototrophic FAME productivity (see Figure 3.5). Nonetheless, 
because of higher biomass productivities for other organic substrates, FAME 
productivities were also higher than phototrophic FAME productivity (see Table 3.3 





Figure 3.5: Volumetric lipid productivity of Nannochloropsis sp. in presence of 






Prevention, or minimization of invasive microalgae species into open microalgae 
culture systems is one of the major challenges to outdoor open monocultures. The 
culture of hypersaline tolerant strains for biofuel feedstock production represents a 
simple and more environmentally benign method to minimize biological 
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the presence of light and a fixed organic carbon source containing acetate, glycerol, 
has an enhanced lipid productivity. Faster specific growth rates, an ability to grow in 
hyper-saline water, and enhanced lipid accumulation in presence of organic substrate, 
render Nannochloropsis Strain 1 a promising microalgae strain for mass scale 
cultivation for lipid biodiesel feedstock.  
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Chapter 4 
Enhanced Algae Growth in Both Phototrophic and Mixotrophic 




Microalgae are mainly photoautotrophic microbes that are commercially exploited for 
production of pharmaceutical derivatives, pigments, proteins, and for waste water 
treatment (Spolaroe et al., 2006a; Shi et al., 2007). In the quest for sustainable 
feedstocks as an alternative to conventional fossil-fuel derived transportation fuels, 
microalgae are now the focus of strong global research interest due to their ability to 
produce a intracellular lipid feedstock that is suited to conversion into fatty acid methyl 
esters i.e. FAME, or biodiesel (Pedroni et al., 2003; Huntley & Redalje, 2007). Despite 
significant challenges remaining for intensive, singular use of photobioreactors (PBR) 
for generating feedstock, their judicious use in the biomass production cycle is 
warranted for the delivery of a high cell density inoculums for onward feedstock 
production in less resource intensive culture systems, such as open raceway ponds 
(Huntley & Redalje, 2007). 
 
An estimation of the light photon demand of photoautotrophic microalgae is simplified 
by consideration of the anabolic demands for production of cellular carbohydrate (i.e., 
CH2O) derived from CO2. However, in addition to carbohydrate, microalgae contain 
protein, lipid and nucleic acids; and none of these have a similar chemical composition 
to CH2O. Biosynthesis of these compounds is driven by chemical energy from 
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photosynthesis in the form of NADPH2 and chlorophyll, and other accessory pigments, 
absorb light and transfer energy to the chlorophyll-a protein complex for use in 
electron transfer and subsequent biosynthesis. According to the „Z scheme‟ of 
photosynthesis, the number of photons used in photosynthesis can be calculated as the 
energy requirement to fix one carbon atom as CH2O (Hill, 1965). Only a fraction of the 
electromagnetic spectrum of sunlight in the wavelength range 400-700nm (also known 
as the photosynthetic active radiation or, PAR) is used in photosynthesis, where 8 light 
photons of mid-wavelength PAR (i.e., 550nm or green light) has the minimum energy 
requirement to form CH2O. A single „green‟ photon of light (i.e. 550nm) has 20% 
more energy than one red photon (i.e. 680nm) and 15.5% less energy than a blue 
photon (i.e. 470 nm). Therefore, in order to match the energy requirement of green 
light to synthesize carbohydrate, about 10 red photons and 7 blue photons are required. 
Matthijs et al. (1995) has suggested that, on a per quantum basis, red and blue photons 
could serve an equal photosynthetic energy demand. Gordon & Polle (2007) even 
violated the „law of conservation of energy‟ in „Z scheme‟ photosynthesis‟ by 
assuming that 8 moles of red photon could synthesize 1 mole of CH2O. 
 
Much of the experimental work conducted on the effect monochromatic light exposure 
on microalgae photosynthesis has been conducted over a very short photoperiod of 
between 30 sec to 1 day. Pirson et al. (1960) studied the effect of different wavelength 
exposure on the cellular chemical composition of microalgae, where the intensity of 
red and blue lights were adjusted to produce equal dry biomass productivity. Analysis 
of the biomass showed that cells exposed to blue light contained 15% carbohydrate and 
60% protein opposed to 39% and 29% respectively under red light exposure. Similar 
results have been obtained in other studies e.g. Horst (1982).  
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Ruyters (1984) first documented the need for a low intensity of blue light in addition to 
red light, in order to satisfy the photosynthetic requirements of many plants, including 
microalgae. Blue light wavelengths are used for enzyme activation and regulation of 
gene transcription in addition to energy-derivation. It has also been reported that cell 
damage caused by exposure to pure red light can be repaired by low exposure to blue 
light (Ruyters, 1984). More recent studies have shown that monochromatic exposure to 
red light alone can support microalgae growth, where partial exposure to blue light did 
not enhance biomass production of Chlorella sp (Matthijs et al., 1995).  However, the 
effect of blue light emitting diodes (LED) alone on growth of the Chlorella was not 
studied and the ratio of blue: red LED used in the study was possibly too low (i.e. 
25:1) to identify any effect.  The use of red light over PAR for enhanced 
photosynthesis has been advocated in several studies for enhanced microalgae and/or 
plant growth (e.g. Lee & Palsson, 1994; Tennessen et al., 1995; Matthijs et al., 1995; 
Wang et al., 2007; Gordon & Polle, 2007).  
 
Therefore, whilst many studies have focused on light intensity, nutrient manipulation 
and cellular engineering for optimizing growth of microalgae, few have investigated 
the effect of exposure to different light spectra. The objective of this investigation was 
to determine the response of microalgae to mono- and multi-chromatic light exposure 
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4.2. Materials and Methods 
4.2.1. Microalgae strains and culture conditions: 
 
The strain of Nannochloropsis sp. used in this study was isolated from Singapore 
coastal waters as previously reported (see Chapter 3). Nannochloropsis sp. was 
cultured in sterilized seawater enriched with NaNO3, 1mM; KH2PO4, 0.04mM; 
FeC6H5O7.5H2O, 2µM; MnCl2.4H2O, 3 µM; Na2MoO4.2H2O, 3 µM;, ZnSO4.7H2O, 20 
µM; EDTA, 52.8 µM; vitamin B12, 0.5 µg/l; biotin, 0.5 µg/l; thiamine.HCl 100 µg/l; 
pH=8.2.Glycerol (purity 99%) was found to stimulate the mixotrophic growth of 
Nannochloropsis sp. (see Chapter 3).  
 
Five ml of culture was inoculated into 95 ml of enriched medium, with and without 
glycerol (2g/l) in 250 ml culture flasks. All cultures were maintained at a temperature 
of 25±0.5
0
C and LEDs were used as the light source for photoautotrophic growth. 
Each LED strip consisted of 96 diodes spaced at 1 cm intervals. LED strips emitting 
red, green, white and blue light were connected to a 12 volt (1.5amp) DC adapter, and 
four LED strips were placed in parallel to illuminate the flask culture at a distance of 
10 cm, and were screened from extraneous lighting. The wavelength light intensity and 
energy input of the LED used are given in Table 4.1.  
 










White - 6000 
Green 550 8000 
Red 680         2000 




** mcd = micro candela and 1000mcd steradian/m
2 
= 1 lux 
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For optimization of light intensity for biomass production, nine blue LED strips were 
arranged in parallel and flasks were kept at varying distances from the LED to provide 
incidental light intensities of 400, 600, 800, 1000, and 1200 lux. Sodium carbonate was 
added as a dissolved CO2 source to each culture at a concentration 0.5g/l for days 1 to 
4, 1.0 g/l for days 5 and 6, and 2.0 g/l on day 7. 
 
4.2.2. Cell concentration 
 
Optical density of culture suspension was measured at 680 nm using a double-beam 
Hitachi 2910 spectrophotometer. Correlations between optical density (OD680) and cell 
concentration for Nannochloropsis sp. was previously established via regression i.e. Y 
= 66.5X+0.33 (r
2
 = 0.97), where Y is the cell concentration measured in x 10
6
 cells per 
ml and X is the OD680. 
 
4.2.3. Fatty acid analysis  
 
The fatty acid composition of intracellular lipids was determined by proxy i.e. via 
conversion into fatty acid methyl esters using a transesterification reaction. After 8 
days of growth, cells were harvested using centrifugation (4,500 rpm for 5 mins) and 
the biomass pellet was then dried using a vacuum freeze-drier. 8-10 mg of dried 
biomass was placed into a 20 ml vial together with 4 ml of a transesterification 
solution containing sulfuric acid and methanol (H2SO4 : CH3OH = 1:10). The vial was 
sealed with a Teflon coated septum, crimped with an aluminum cap and then placed in 
an ultrasound bath at 40
o
C for 10 minutes to rupture cells. The vials were then placed 
in a drying oven at 100
0
C for 1 hour prior to extraction of FAMEs using hexane. 
FAME analysis was performed using an Agilent 7890 gas chromatograph fitted with a 
flame ionization detector (GC-FID). The procedure is described in more detail in 
Chapter 7. 
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4.2.4. Energy consumption under incremental light intensity 
 
Optimum light intensity (Qmax) for any strain of microalgae is usually determined using 
growth trials over a range of light intensities, where Qmax represents the light intensity 
that results in maximum biomass productivity at the end of the growth cycle. However, 
providing a Qmax light intensity over the entire growth period may well be inefficient 
from an energy perspective due to variation in the physical properties of the culture. 
Light energy demand in the photobioreactor can be expected to be lower in the initial 
phases of the culture period due to low cell densities in the culture medium, and higher 
towards the end due to high levels of cell density and mutual cell shading. Hence, 
under a constant Qmax light intensity, a major fraction of incidental light will be wasted 
in the early growth phase, where high irradiance may also induce photo-inhibition. 
Thus, by applying an incremental light intensity (ILI), instead of constant illumination, 
significant energy can be saved.  
 
At any time during the culture period, the biomass concentration, y, was expressed as a 
function of time, where: 
 
𝑦 = 𝑓′(𝑡)…………………………………..(equation 4.1) 
 
 
The light energy requirement, e, is dependent on the biomass concentration, y, where, 
 
𝑒 = 𝑓′′ 𝑦 ………………………………….(equation 4.2) 
 
 
Combining equations 4.1 and 4.2 can be expressed as a function of time i.e. 
 
𝑒 = 𝑓(𝑡)………………………..…………(equation 4.3) 
 
Therefore, the amount of light energy that can be saved, using ILI, can be calculated as 
follows: 
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𝐸𝑆 =




× 100……………….…. (equation 4.4) 
 
Where: ES is the percentage of energy saved using the ILI technique relative to 
constant illumination during the entire culture period; e is the light energy needed at 
any time, t; E is a constant light energy input; and T is the total illumination time. 
 
Equation 4.4 can be simplified as: 𝐸𝑆 =




× 100…………..…(equation 4.5) 
 
4.3. Results and discussion 
4.3.1. Specific growth rate of microalgae exposed to monochromatic lighting 
 
From the phototrophic growth curve (see Figure 4.1), and mixotrophic growth curve 
(see Figure 4.2) of Nannochloropsis sp. it can be concluded that: (i) Nannochloropsis 
sp. was capable of cell growth in multi- (white) and monochromatic (blue, red, green) 
LED illumination; and (ii) the photosynthetic efficiency of light energy utilization is 
dependent on the wavelength of light exposure. Specific growth rates of 
Nannochloropsis sp. grown under different light wavelengths in phototrophic and 
mixotrophic cultures are given in the Table 4.2. Maximum specific growth rates (µmax) 




 in photo- and mixotrophic cultures 
respectively when exposed to blue light. The order of µmax for Nannochloropsis sp. is 
blue > white > green > red. Wang et al. (2007) studied a wide range of light intensities 
i.e. 300-3000 µmol/m
2
/sec for different wavelengths of light for Spirulina platensis, 
and reported that biomass productivity was highest under red light exposure at all light 
intensities. Low biomass production in blue light was explained by the fact that 
chlorophyll pigments of S. platensis cannot absorb blue light. Such a discrepancy in 
the results of Wang et al. (2007) and our study can be explained by the fact that S. 
platensis requires a low light intensity of around 330µmol/m
2
/sec for growth (Kebede 
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& Ahlgren, 1996). Blue light, being more energetic and more efficient for 
photosynthesis, as shown in our experiment, will require less than 330 µmol/m
2
/sec of 
light intensity for optimum growth of S. platensis; whereas exposure to 
monochromatic blue light wavelengths greater than 300µmol/m
2
/sec most likely 




Figure 4.1: Phototrophic growth curve of Nannochloropsis sp. grown under different light 
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Any wavelength of light has a constant energy which comprises both electrical and 
magnetic energy. While travelling through time and space, both energies reach their 
maximum and minimum level period whilst simultaneously maintaining the sum of 
total energy as a constant. To synthesize cellular CH2O, each of 8 green photons must 
attain maximum electrical energy (i.e. no magnetic energy) when striking the light 
harvesting complex (LHC) of the phototrophic cell. In reality, however, photons have a 
variable electrical energy level when striking the LHC - hence, only when the 
cumulative electrical energy from a number of photons impinges on the LHC equals 
the energy equivalent of 8 green photons will CH2O synthesis will be initiated. 
Photons of a shorter wavelength have a higher probability of striking the LHC at peak 
electrical energy. Hence, shorter wavelengths of light should, theoretically, result in a 
higher photosynthetic efficiency. In this study, blue light was the shortest 
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wavelength with minimum µmax. White light composed of multi-chromatic 
wavelengths gave a µmax higher than for red or green monochromatic LED exposure 
alone, this was still lower than for blue light LED exposure meaning, on a per light 
quantum basis, light utilization efficiency for photosynthesis is higher for blue light 
than the other monochromatic primary wavelengths (red and green) or in combination 
as white light. 
 
Table 4.2: Maximum specific growth rate, µmax (d
-1
), of Nannochloropsis sp. when 













           Red Green Blue         White 
    
Phototrophic  0.51 ±0.008  0.54 ± 0.010  0.64 ± 0.014  0.58 ± 0.009 
Mixotrophic  0.54 ±0.013  0.57 ± 0.014  0.66 ± 0.021  0.61 ± 0.011 
         
 
4.3.2. Intracellular fatty acid composition and light wavelength exposure 
 
Phototrophic culture of Nannochloropsis sp. produced 14.26%, 15.11%, 14.78% and 
14.32% of FAME as dry biomass weight equivalent when cultured in red, green, blue 
and white light respectively. Although the intracellular lipid contents did not vary 
substantially, variations in respective intracellular lipid compositions of the cultures 
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Table 4.3: Fatty acid composition of Nannochloropsis sp. grown in phototrophic (P) 
and mixotrophic (M) condition when exposed to different LED wavelengths (each 






   P                M 
Green light 
                                 
 P                M 
Blue light 
   
   P                M 
White light 
 
   P             M 
C10:0 1.99 2.86 0.87 2.45 2.54 2.05 3.13 2.4 
C12:0 1.09 2.69 0.65 2.73 1.37 2.55 1.06 3.03 
C14:0 6.52 19.47 5.31 22.48 7.24 19.43 6.43 20.62 
C16:1 28.22 13.00 26.45 16.61 33.73 17.54 24.72 20.23 
C16:0 25.58 15.91 20.07 20.32 24.71 25.61 21.13 15.53 
C18:3N6 2.78 - 5.02 3.17 - - - - 
C18:1N9 7.72 10.37 2.04 10.68 3.87 3.24 4.31 5.33 
C18:3N3 3.30 13.67 4.09 4.09 5.51 12.64 5.11 6.62 
C18:2N6 1.18 1.18 1.75 1.75 2.10  0.75 4.19 
C18:0 5.03 8.43 3.06 3.69 5.42 5.82 3.45 3.45 
C20:4N6 4.48 1.05 9.27 1.38 3.35 0.6 6.81 1.97 
C20:5N3 12.08 12.49 21.4 13.19 9.98 10.42 23.04 21.6 
         
Total FAME (% 
of dry weight) 
14.26 16.57 15.11 20.45 14.78 19.37 14.32 18.21 
Biomass density 
mg/l 




38.79 55.5 45.63 83.85 55.13 111.96 50.40 87.87 
 
Mass culture of Nannochloropsis sp. is undertaken commercially for recovery of 
intracellular C20:5N3 or Eicosapentanoic acid (EPA) (Sukenik et al., 1993; Zittelli et 
al., 2003). In our study, the highest EPA content (i.e. 23.04% of total FAME) occurred 
in biomass grown in multichromatic white light and the lowest (i.e. 9.98% of total 
FAME) in cells exposed to monochromatic blue LED. Similarly, EPA content was 
lowest (10.42% of total FAME) when Nannochloropsis sp. was grown under blue LED 
in the presence of glycerol. However, the presence of glycerol increased the total fatty 
acid content in Nannochloropsis sp. for all LED wavelengths used in the study, where 
a maximum FAME content of 20.45% was achieved for green LED exposure (see 
Table 4.3). For both photo- and mixotrophic cultures, exposure to white light gave the 
maximum yield of EPA in Nannochloropsis sp. 
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Volumetric FAME productivities of Nannochloropsis sp. grown under different 
wavelengths are given in Table 4.3. Although cellular fatty acid content of the strain 
was highest when exposed  to green LED, volumetric FAME productivities were 
highest for blue LED, where 55.13mg/l and 111.96mg/l of FAME was produced for 
photo- and mixotrophic culture, respectively. Biomass productivity for 
Nannochloropsis sp. exposed to blue light LED was higher than for green light, 
resulting in a higher overall volumetric FAME productivity (see Table 4.3).  
 
 
4.3.3. Optimization of light intensity 
 
Phototrophic growth curves of Nannochloropsis sp. under different light intensities for 
blue LED are shown in Figure 4.3. After 8 days of growth, with a 12:12 hr light : dark 
photo period, maximum biomass productivity was achieved at the highest light 
intensity used i.e. 1200 lux. Based on biomass productivity, the growth curve can be 
divided into four distinct phases i.e.: i) Phase 1 (P1) i.e. 0 to 24 hrs of illumination 
when the cell density was low, exposure to 600, 800, 1000 lux resulted in higher or 
equal biomass productivity than at 1200 lux. This result can be explained by the fact 
that at low cell density, cell exposure to 1200 lux likely resulted in photo-inhibition 
whereby exposure at 400 lux was too low to maintain cell growth; ii) Phase 2 (P2) i.e. 
25 to 36 hrs, cell exposure at 800, 1000 and 1200 lux yielded equal biomass 
productivity; iii) Phase 3 (P3) i.e. 37 to 52 hours, cell exposure to 1000 and 1200 lux 
yielded equal biomass productivity; and Phase 4 (P4) i.e. 53 to 96 hours, cell exposure 
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Figure 4.3: Optimization of blue light intensity for Nannochloropsis sp. growth; P1, 
P2, P3 and P4 represent growth phases spanning for 24, 12, 15 and 45 hours 
respectively 
 
Data show that the application of a phased ILI cell exposure to 600, 800, 1000 and 
1200 lux for 24, 12, 15, and 45 hours respectively, over the entire 96hr culture period 
should result in a biomass productivity equal to that achieved using a constant 
exposure to 1200 lux. Based on equation 4.5, the electrical energy required for culture 
illumination based on ILI exposure was 19.3% lower than for constant light exposure 
at 1200 lux (See Figure 4.4). Optical density of the sample was taken after each day 
and an increment of 200lux was used to determine the optimum light intensity. 
Reducing the sampling time (i.e. every 2-3 hours) and using smaller increments in light 




























400 600 800 1000 1200
Light intensity (lux)
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Figure 4.4: Light energy savings using ILI (shaded area represents the savings 




For microalgae culturing in indoor photobioreactors, artificial lighting must be 
provided where it is necessary to use a light exposure regime that results in maximum 
conversion of light to biomass productivity. Light Emitting diodes (LED) have a high 
electricity to light conversion efficiency of up to 95% and provide monochromatic 
lighting of specific wavelengths. 
 
Exposure of a locally isolated marine strain of Nannochloropsis sp. to a 
monochromatic LED source of blue light (470nm) resulted in a higher biomass 
productivity than green (550nm) or red (680nm) light exposure, as well as to 
multichromatic white light LED exposure. A blue LED source improves 
photosynthetic efficiency of the microalgae. Volumetric FAME productivity for 
intracellular lipids of Nannochloropsis sp was also highest using blue LED exposure.  
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This study has also shown that light intensity used for culture of microalgae should not 
be a constant throughout the growth period as this will result in energy loss as well as 
inappropriate light exposure to prevailing cell density. Exposure of Nannochloropsis 
sp. to a blue LED light source, and application of an incremental light intensity 
throughout the growth period resulted in an enhanced biomass productivity with 
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Chapter 5 




Culturing microalgae is practiced either in open or in closed systems (Burlew & John, 
1953; Lee, 2001), but the debate as to which system is superior for microalgae 
feedstock biodiesel production continues. Claimed biomass productivities of 
phototrophically cultured microalgae in a closed photobioreactor (PBR) are as as high 
as 10g/l (Hu & Richmond, 1996), and any improvement in biomass productivity 
reduces energy costs per unit of biomass harvested. There are several types of PBRs 
used for closed cultivation including tubular (horizontal), flat-plate and vertical-
column types, where vertical-column PBRs are easily scalable and has a low energy 
requirement (Ugwu et al., 2007). Miron et al. (1999) and Zitelli et al. (2006) 
recommended vertical-column PBRs as the optimal strategy for scaling-up microalgae 
culture.  
 
Despite the advantages, PBRs suffer from high material and operational costs (Peer et 
al., 2008). While significant research has been devoted to the design of efficient PBR 
systems, one critical issue has been largely overlooked i.e. the energy applied to the 
growing culture, in the form of mixing and light energy, relative to the prevailing 
constituent biomass concentration. Mixing in the PBR is essential to prevent cell 
sedimentation, ensure adequate CO2 supply, optimize light exposure to cells, and 
enhance oxygen removal as a result of photosynthesis. Usual ways of mixing the 
culture inside the PBRs are airlift or air infusion through an air pump, by the 
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mechanical agitation through static mixer, i.e. rotor and submergible pumps (Ugwu et 
al., 2007). Air infusion not only mixes the culture, but also provides CO2 to the culture 
and drives away dissolved O2 from the culture. Mixing rates in the PBR vary between 
0.1 and 6.3 v/v/m (see Table 5.1), and this is usually maintained as a constant 
throughout the entire cell growth cycle, irrespective of prevailing cell density.  As 
culture mixing is a significant component of the overall energy demand during a PBR 
culture, constant mixing energy usage is inefficient at low cell densities in terms of 
energy input for per unit of cell mass present. Same applies for artificial lighting; the 
light energy requirement at any moment is dependent on the cell mass present at that 
time. This chapter examines the potential to reduce mixing and light energy supply 
within a photoautotrophically culture of the microalgae Nannochloropsis without 
compromising overall biomass production. 
 





























1.87 1.0 0.02 15 Fernandez et al., 2004 
Pleurochrysis 
carterae 
0.39 1.17 0.003 3 Moheimani, 2005 
Spiruliina 
platensis 
3.8 6.3 0.0024 0.26 Hu & Richmond, 1996 
Tetraselmis 
secuia 






Incremental Energy Supply for Microalgae Culture in a Photobioreactor 
 
                                                                                                                                      60                                                                  
5.2. Method 
5.2.1. Calculation of mixing energy in PBR 
Theoretically, instead of maintaining a constant volume culture in a PBR with an 
increasing cell density over time, the volume could be increased gradually so that cell 
concentration per unit volume of the culture medium remains constant. Since mixing 
energy demand in the PBR is proportional to the entire volume of the culture, this will 
then consume less energy for mixing overall. As the fraction of energy consumed in 
the operation of a PBR is high, the mixing energy consumed during operation should 
be kept to the minimum possible. After withdrawing culture from a continuous PBR 
culture for use as an inoculum for scaled-up production of microalgae biomass in an 
open pond system, it is usual practice to fully recharge the PBR with nutrient medium 
and provide mixing and lighting at a constant rate throughout the growth cycle 
(Fabregas et al., 2004; Camacho et al., 2004; Huntley & Redalje, 2007; Molina et al., 
2003b; Sandnes et al., 2005; Zitelli et al., 2003). 
 
For culture mixing achieved via air infusion into a PBR culture, assuming the 
concentration of algae in the PBR at t=i and t=0 times as Ci and C0 , then: 
𝐶𝑖 =  𝐶0 …………………………………..(equation 5.1) 
Where m0 and mi are the biomass in the PBR at t=0 and t=i time; V0 and Vi are the 







 𝑉𝑖 =  
𝑉0
𝑚0
. 𝑚𝑖  ………………………………(equation 5.3) 
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, where N1 and N2 are the cell 
numbers per ml of culture at time t1 and t2. Taking µ as specific growth rate and the 
algae will grow exponentially throughout the culture period equation 5.3 can be 
rewritten as: 
𝑉𝑖 =  
𝑉0
𝑚0
. 𝑚0 . 𝑒
𝜇𝑡 …......................................(equation 5.4) 
 𝑉𝑖 =  𝑉0. 𝑒
𝜇𝑡 ………………………………...(equation 5.5) 
AFi and VAi  are airflow rate (v/v/m) and volume of air needed at any time t=I (v/m), 
where: 
𝑉𝐴𝑖 =  𝐴𝐹𝑖 . 𝑉𝑖………...................................(equation 5.6) 
 𝑉𝐴𝑖 =  𝐴𝐹𝑖 . 𝑉0. 𝑒
𝜇𝑡 …………………………(equation 5.7) 
Hence, the total air requirement for mixing over the culture period (𝑉𝐴𝑇,   𝐼𝐸𝑆) from t=0 
to t=T can be obtained by integrating VAi over that time, as follows: 
𝑉𝐴𝑇,   𝐼𝐸𝑆 =   𝑉𝐴𝑖
𝑇
0





Considering AFi as constant equation 5.8 can be simplified as: 





Considering µ as constant equation 5.9 can be rewritten as: 
       𝑉𝐴𝑇,   𝐼𝐸𝑆 =  𝐴𝐹𝑖 .
𝑉0
𝜇
. (𝑒𝜇𝑇 − 1)……………..…(equation 5.10) 
The total volume of air used for a PBR with a constant culture volume (𝑉𝐴𝑇,   𝐶𝐸𝑆) over 
time T, can be calculated as: 
𝑉𝐴𝑇,   𝐶𝐸𝑆 =  𝐴𝐹𝑖  . 𝑉𝑇 .𝑇……..............................(equation 5.11) 
Equation 5.10 and 5.11 can be equated as: 
𝑉𝐴𝑇 ,   𝐼𝐸𝑆
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Mixing energy consumption rates, by adopting IES and CES culture scheme, in a PBR 
are shown in Figure 5.1.  
 
 
Figure 5.1: Mixing energy consumption rate in a PBR for a IES and CES scheme (the 




Since the biomass concentration of the PBR is always kept constant, the volume of the 
culture in the PBR will increase over light period, to match the growth rate of the 
algae. Hence the energy consumption for culture mixing will also increase over the 
light period. Assuming a fixed light and dark period (i.e. 12:12 hour light:dark photo 
period) for the microalgae culture and no addition of fresh medium during the dark 
period, then the air supply rate or the mixing energy consumption will remain constant 
throughout the entire dark period. Equations 5.4 to 5.10 and Equation 5.12 are valid for 
a culture time of a light period of one day or less.  To account for the air supply during 
the dark period for more than one day, the total air volume requirement i.e. 
𝑉𝐴𝑇 𝑃+𝐷 ,   𝐼𝐸𝑆  can be calculated as: 
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                    𝑉𝐴𝑇 𝑃+𝐷 ,   𝐼𝐸𝑆  = volume of air in the photo period + volume of air in dark            
period……………..……………………………………………...….…...(equation 5.13) 
The volume of air required for mixing in the photo-period (VATP, IES) can still be 
calculated using equation 5.10 by replacing the total time T, by the total light-period, 
Tp.  
  𝑉𝐴𝑇𝑃 ,   𝐼𝐸𝑆 =  𝐴𝐹𝑖 .
𝑉0
𝜇
. (𝑒𝜇𝑇𝑝 − 1)………………………….…...…….…(equation 5.14) 
The volume of air required in the dark period (VATD, IES) can be calculated as: 
    𝑉𝐴𝑇𝐷,   𝐼𝐸𝑆 =  𝐴𝐹𝑖 . (𝑈1 + 𝑈2 + 𝑈3 + ⋯… . +𝑈𝑛) × 𝑡𝑑……………......(equation 5.15) 
 









 day. The length of the dark period for the entire cycle can 
be assumed as a constant as td hours/day. Assuming tp as the photo-period (hour/day), 
Un can be calculated as: 
                                              𝑈𝑛 = 𝑉0 × 𝑒
𝑛µ𝑡𝑝 ………………….…….…(equation 5.16) 
 
                                                   Here, 𝑇𝑝 + 𝑛𝑡𝑑 = 𝑇 and 
𝑛𝑡𝑝 = 𝑇𝑝  
Hence, equation 5.14 can be re-written as:  
𝑉𝐴𝑇𝐷 ,   𝐼𝐸𝑆 =  𝐴𝐹𝑖 × 𝑉0(𝑒
µ𝑡𝑝 + 𝑒2µ𝑡𝑝 + 𝑒3µ𝑡𝑝 + ⋯… . +𝑒𝑛µ𝑡𝑝 ) × 𝑡𝑑  
Or, 𝑉𝐴𝑇𝐷,   𝐼𝐸𝑆 =  𝐴𝐹𝑖 × 𝑉0 × 𝑒
µ𝑡𝑝 (1 + 𝑒µ𝑡𝑝 + 𝑒2µ𝑡𝑝 + ⋯… . +𝑒(𝑛−1)µ𝑡𝑝 ) × 𝑡𝑑  
  Or, 𝑉𝐴𝑇𝐷,   𝐼𝐸𝑆 =  𝐴𝐹𝑖 .× 𝑉0 × 𝑒





Equation 5.13 can be rewritten by adding equations 5.14 and 5.17 as: 
𝑉𝐴𝑇 𝑃+𝐷 ,   𝐼𝐸𝑆 = 𝐴𝐹𝑖 × 𝑉0 × (
𝑒µ𝑡𝑝 −1
𝜇
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The volume of air supply and the energy input are directly proportional, hence the 
energy requirement in CES and IES schemes can be calculated as: 
 
𝐸𝐶𝐸𝑆 = 𝑉𝐴𝑇,𝐶𝐸𝑆 × 𝐼 = 𝐴𝐹𝑖 . 𝑉𝑇 . 𝑇. 𝐼 ……………………... (equation 5.19)  
𝐸𝐼𝐸𝑆 = 𝑉𝐴𝑇,𝐼𝐸𝑆 × 𝐼 = 𝐴𝐹𝑖 × 𝑉0 × (
𝑒µ𝑡𝑝 −1
𝜇
+ 𝑒µ𝑡𝑝 × 𝑡𝑑 ×
𝑒𝑛µ 𝑡𝑝 −1
𝑒µ 𝑡𝑝−1
)…. (equation 5.20) 
 
where, I is the energy consumption of the air pump for per unit volume of air supplied. 
 
5.2.2. Culture of microalgae 
A strain of Nannochloropsis isolated from the coastal seawater of Singapore was 
cultured in Guillard F (w/o Si) media (Unpublished Data). An inoculum of 625 ml of 
Nannochloropsis sp. (0.3g/liter concentration) was taken and placed in each of two 
identical five liter capacity PBRs.  One PBR received a constant energy supply (CES) 
for culture mixing and the other an incremental energy supply (IES) over the culture 
period of 60 hours. The CES PBR was immediately filled to 5 litres with Guillard F 
(w/o Si) media. However, in the IES PBR, medium was added in a stepwise manner 
every two hours, where the volume was pre-calculated based on a doubling time of 12 
hours (i.e., 1 doubling per day) for Nannochloropsis. Both PBRs were maintained 
under identical condition at 25±1
0
C. Nutrients were also added stepwise to match 
Guillard „F‟ (w/o Si) concentration. Sodium bicarbonate was added stepwise in equal 
amounts to both PBRs in order to supplement the inorganic carbon source. All 
chemicals used in for the media were of reagent grade or of higher quality. 
 
5.2.3. PBR Culture Mixing 
PBR culture mixing was achieved via air infusion using a HP-120 air pump that 
consumed 117 watts of electricity per 120 liter of air supplied each minute. The air 
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mixing rate was maintained at a constant 0.5v/v/min; 2.5liter/min air was supplied to 
the CES PBR for the entire culture period of 60 hours. For the IES PBR, initial air flow 
rate was 0.5liter/min which was increased in tandem with culture volume to a final air 
flow rate of 2.5liter/min. Air flow rates in both PBRs were monitored and controlled 
using TSI -4000 series air flow meters (range 0-300 liter/min with an accuracy  up to 
0.05 liter/min). 
 
5.2.4. Lighting energy in the PBR 
A 12:12 hr light : dark photo-period was used for the experiment. Blue light emitting 
diodes (LEDs) were used for culture illumination. A total of 96 LEDs with a power 
equivalent of 2000 micro-candela were placed vertically to the surface of the PBR. For 
the CES PBR, illumination was supplied as a constant during the light period from the 
start of the culture. In the IES PBR, LEDs were used according to the volume of the 
culture inside the PBR. For the first six hours of the light period 96 LEDs were used; 
from 6 to 16 hours 192 LEDs, 16 to 22 hours 288 LEDs, 22 to 30 hours 384 LEDs 
strips and 30 to 36 hours 480 LEDs strips. 
 
5.2.5. Growth of microalgae 
Every two hours during the light period, 3ml of culture was taken from each PBR, and 
optical density measured at 680 nm wavelength in a Hitachi 2900 UV-vis 
spectrophotometer. The optical densities and corresponding cell number for 
Nannochloropsis were previously established as Y =66.5X+0.33 (r
2
=0.97); where Y is 
the number of cells (in million) per ml of culture and X is the optical density at 680nm 
(see Chapter 3).  
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5.3. Results and Discussion 
5.3.1. Biomass productivity and mixing energy requirement 
To establish the theoretical relationship between biomass productivity and mixing 
energy supplied, it is assumed that algae are cultured in vertical air lift PBR, the algae 
strain has a doubling period of one day at the highest biomass productivity (i.e., 1 to 5 
g/l/d), allowing half of the PBR volume to be harvested each day. The energy in 1 kg 
biomass can be assumed as 20 MJ. The culture in the PBR is constantly mixed 24 
hours using an air pump that delivers 120liter/min air with an equivalent energy 
consumption of 117W. The relative energy input for mixing compared to the calorific 





Figure 5.2: Energy demand for mixing relative to energy content of biomass produced 
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From Figure 5.2, it is clear that the biomass productivity in the PBR should be 0.8g/l/d 
or higher for an air mixing rate of 0.1v/v/m or lesser in order to yield an overall 
positive energy balance; even these values take into account the entire calorific energy 
value of the biomass produced rather than the calorific energy value of the lipid 
fraction. Literature values for daily biomass productivity and the PBR air mixing rate 
used for several different strains of microalgae are given in Table 5.1. For example, Hu 
& Richmond (1996) used 6.3 v/v/m of air mixing to achieve a biomass density of 
3.8g/l/d for Spirulina platensis in a thin film PBR ;  air mixing rate for such biomass 
productivity should be 0.5v/v/m or less and hence unfeasible for bioenergy feedstock. 
In comparison, a one hectare pond at 20 cm depth requires 86 MJ/d of energy to 
provide the culture a 20cm/s linear velocity (Sheehan et al., 1998). Some reported 
studies envisage ultra-high biomass productivity (i.e. 20g/l) using flashing light 
illumination which can only be achieved by vigorous mixing (Grobbelaar, 1994; 
Gordon & Polle, 2007). Fernandez et al. (2004) showed that the optimum air mixing 
rate was 2.0v/v/m for Phaeodactylum tricornutum (biomass concentration <1.0 g/l; 
value taken from graph 2A in Fernandez et. al. (2004)) and above this mixing rate 
biomass productivities strongly reduced. According to the Figure 5.2, the maximum air 
infusion rate for such biomass productivity should be 0.15v/v/m or less; Fernandez et 
al. (2004) used 13 times higher. Thus vigorous mixing in a PBR may allow higher 
biomass productivity, but the net energy balance will always be negative. Similarly, 
the mixing energy requirement is also too high for heterotrophically cultured algae. For 
example, Li et al., (2007) used an air mixing rate of 300m3/hr over a 184 hour culture 
period in 8,000 liter heterotrophic culture reactors, with rotation at 180 rpm to prevent 
biomass sedimentation. Mixing by air alone used 2,539 MJ (using HP-120 air pump 
specifications) compared to a calorific energy content of 2,272 MJ in the biomass 
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(assuming an energy equivalent of 20MJ/kg of biomass). Thus, when the ultimate goal 
of microalgae culture is biofuel, the energy expenditure for mixing the culture in the 
PBR must be minimized. 
 
5.3.2. Theoretical energy savings in IES PBR: 
Assuming a specific growth rate of 0.0.057 hr-1 (i.e. 1 cell doubling per day for a 12 
hour light period) of a model algae, then 50, 75 and 87.5% culture can be withdrawn 
after 1, 2 and 3 days respectively while maintaining daily cell density in the PBR. For 
different inoculum removal scenarios in an IES PBR, the mixing energy input per unit 
of biomass production should be the same. The mixing energy requirements in CES 
PBR and IES PBR can be calculated using equations 5.19 and 5.20 respectively. The 
savings in mixing energy in the IES compared to the CES PBR are shown in Table 5.2.  
It is apparent that the longer the culture period in the IES PBR, then the higher the 
energy savings compared to the CES PBR, reaching a 58% relative energy saving after 
3 days of culture. 
 
Table 5.2: Theoretical mixing energy savings using IES in a PBR for different volumes 











Energy savings in 
IES vs CES (%) 
0.69 
87.5 3 58 
75 2 46 
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5.3.3. Biomass growth in IES and CES PBRs 
As expected, cell concentration in the CES PBR increased according to a standard 
growth curve over the 60 hour culture period. However, for the first two days in the 
IES PBR, cell concentration decreased before increasing on the third day (see Figure 
5.3). Ideally, in the IES PBR, cell density should remain constant over time, but the 
discrepancy can be explained by the fact that medium addition in the IES PBR was 
based on the assumption that Nannochloropsis sp. has a fixed doubling time of one day 
(i.e. 12 hours of light period). The actual doubling time was longer than predicted thus 
resulting in a decreased biomass concentration in the first two days of culture. Both 
cultures were started with identical biomass inoculums (i.e. 625ml), and after 60 hours 
the cell density in both systems was almost identical (see Figure 5.3).  
 
Figure 5.3: Growth of Nannochloropsis in IES and CES PBR culture 
 
5.3.4. Energy consumption for PBR mixing 
Energy inputs for culture mixing in the IES and CES PBRs are shown in Figure 5.4. 
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starting volume was 700ml which was increased stepwise to 5 liters in 60 hours. The 
energy consumption rate in CES PBR was also constant, i.e., 0.0021kWh and over 60 
hours a total of 0.065 kWh was consumed for mixing alone. Culture mixing energy 
consumption rate in the IES PBR started at 0.0003kWh and reached 0.0021kWh after 
60 hours of culture, with a total consumption of 0.03KWh. Thus, by adopting IES 
mixing in the PBR, mixing energy was reduced by 57.7% relative to the CES PBR for 
an equivalent biomass production after 60 hours.  This saving compares to a calculated 
theoretical mixing energy saving of 49.8% relative to CES over 72 hours (see Table 
5.2). The experimental value obtained in the experiment was superior to previously 
calculated value. Because for calculating the theoretical energy savings, a culture 
period of 72 hours were considered; whereas the experiment was stopped after the light 
period of 3
rd
 day (i.e. total 60 hours of culture time). Continuing algae culturing, for 
another 12 hours of dark period, would result in equal energy consumption rate for 
both PBR, since at the 60
th
 hour both the PBR cultures were mixed with equal air 
infusion (2.5liter/min); this would reduce the overall energy savings by IES PBR 
compared to CES PBR. 
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Figure 5.4: Mixing Energy for IES and CES cultures 
 
5.3.5. Energy consumption for PBR illumination 
Energy used for artificial illumination of a PBR for biomass production for biofuel 
alone cannot be justified due to an overall negative net energy balance (Camacho et 
al., 2004). However, to provide high cell inoculum densities for large scale outdoor 
pond culture systems the use of artificially illuminated PBRs can perhaps be justified. 
However, it remains a pre-requisite to minimize energy expenditure for provision of 
artificial light to the PBR system. After commencement of a cell culture, the prevailing 
cell number is low which results in inefficient use of light energy in a CES PBR. Thus, 
if light energy could be adjusted incrementally according to prevailing cell density 
over the culture period then similar levels of biomass may be achieved with significant 
energy savings (unpublished data). The light energy consumption rate (KWh) for both 
the IES and CES PBR over the culture period is shown in Figure 5.5. Light energy 
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consumption for the IES PBR was 35% less than for the CES PBR over the 60 hour 
culture period for an equivalent biomass. 
 
 
Figure 5.5: Light Energy for IES and CES cultures 
 
5.3.6. Total energy savings in IES PBR 
By incrementally increasing the culture volume in the IES PBR, in tandem with 
mixing and illumination over the 60 hour culture period, a substantial reduction in 
energy consumption was achieved for an equivalent level of biomass production to the 
CES PBR. Total energy consumption rate for both PBRs is shown in Figure 5.6, where 
total energy consumptions for IES and CES PBRs were 0.36kWh and 0.64KWh 
respectively. Of the 44 % total energy saving achieved for the IES PBR, 7% was 
derived from incremental mixing and 37% from incremental illumination. The higher 
amount of energy saved using incremental illumination is due the fact that out of the 
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Figure 5.6: Total Energy input for IES and CES cultures 
 
5.4. Conclusion 
Conventionally, energy expenditure for mixing and illumination of microalgae cultures 
in a PBR is several times higher than the calorific energy value of the biomass. Thus 
the use of a PBR for production of microalgae for use as bioenergy feedstocks is not 
feasible. However, the use of a PBR is justified for the production of high cell densities 
for use as an inoculum for scaled-up microalgae biomass production in open, outdoor 
systems such as raceway ponds. The key conclusion from this investigation is that 
application of an incremental energy supply for culture mixing and illumination in a 
PBR reduces energy consumption by more than 50% compared to a conventionally 
operated PBR.  Thus, a PBR operated in an IES mode will make a substantial 
contribution to the goal of achieving a positive energy balance in the production of 
































Air Sparged Coagulation-Flocculation for Harvesting Microalgae and Optimization of the 
Process 
 
                                                                                                                                      74                                                                  
Chapter 6 
Air Sparged Coagulation-Flocculation for Harvesting Microalgae and 
Optimization of the Process 
 
6.1. Introduction 
Open pond culture of microalgae is the most common cultivation method and typically 
yields a concentration of approximately 0.5g/l of dry biomass or slightly higher. 
Several studies have reported that the harvesting of microalgae alone can contribute up 
to 20-30% of the total cost of biomass production (Molina et al., 2003a).  
 
Microalgal blooms are often observed in eutrophic waterbodies including lakes, ponds, 
rivers and reservoirs which represent an environmental hazard due to oxygen depletion 
of the water column upon mineralization of dead cells. Therefore, the efficient removal 
of microalgal biomass is key to successful remediation of eutrophic waterbodies. 
Furthermore, microalgae recovered from natural waterbodies and wastewater treatment 
ponds may serve as a source of bioenergy production (Peer et al., 2008).  
 
Microalgae cell size can vary from 2 to 30μm in diameter, and harvesting must be 
efficient, cost-effective and rapid. There are a number of harvesting techniques 
currently used in microalgae culture practice including: centrifugation; coagulation-
flocculation; filtration; dissolved air floatation (DAF); ultrasound; gravity 
sedimentation; and auto-flocculation (Bolto & Gregory, 2007; Conteras et al., 1981; 
Molina et al., 2003a; Sim, 1988; Sukenik et al., 1988).  
 
Air Sparged Coagulation-Flocculation for Harvesting Microalgae and Optimization of the 
Process 
 
                                                                                                                                      75                                                                  
Centrifugation is often used for algal biomass recovery at the laboratory scale. Certain 
types of yeast and microalgae with a diameter of > 5μm and a relatively thick cell wall 
can be efficiently separated using gravitation-forced harvesting methods. Although 
several types of centrifugation systems can achieve a successful cell harvest, it is 
widely considered as being too energy intensive and costly for large scale commercial 
microalgae culture, at least for primary harvesting. The energy requirement for 
centrifugation has been reported to be approximately 3000 kWh/t of biomass for the 
primary harvesting step (Pedroni et al., 2003). However, biomass at a concentration of 
10-20g/l can be dewatered by up to 10 fold (concentration 100-200g/l) using 
centrifugation to reduce the subsequent drying cost (Molina et al., 2003a). 
 
Like centrifugation, filtration also does not require the use of chemicals. However, the 
effectiveness of filtration is highly strain specific. Algal strains forming large colonies 
or with branching inter-locking filaments can be efficiently harvested using 
microfiltration (Sukenik et al., 1988). However, filtration processes are relatively slow 
and often suffer from high maintenance costs, membrane clogging and the formation 
of compressible filter cake. Auto-flocculation and gravity sedimentation of microalgae 
is often time consuming and these techniques are not effective for most types of algae - 
especially those of a smaller cell size (MacKay & Salusbury, 1988; Petrusevski et al., 
1995). 
 
While most harvesting techniques consume significant amounts of energy, those based 
upon chemical coagulation and flocculation of biomass typically consume least energy 
(Danquah et al., 2010). Alum, ferric chloride, chitosan, and various cationic polymers 
are typically used for coagulation-flocculation in conjunction with the mechanically 
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mixing of water (Bolto & Gregory, 2007; Divakaran & Pillai, 2004; Seung et al., 2001; 
Sukenik et al., 1988; Jiang et al., 1993).  
 
Microalgae, when in culture suspension, carry negative surface charge that mutually 
repels cells and restricts agglomeration. The addition of multi-valent cationic salts and 
cationic polymers can neutralize or reduce surface charge thereby allowing cells to 
proximate, following which Van-Dar-Walls forces cause cells to agglomerate, thereby 
initiating sedimentation. In coagulation and DAF processes, coagulants such as ferric 
salts, alum, poly-electrolytes can be added to accelerate the process. Cationic polymers 
and chitosan require a lower dosage for cell harvesting in freshwater cultures, but in 
saline water these coagulants fail to bridge, thereby reducing harvesting efficiency 
(Sukenik et al., 1988; Knuckey et al., 2006). Coagulant dosage for saline water cell 
harvesting has been reported to be 5-10 times higher than the equivalent for freshwater 
(Sukenik et al., 1988). 
 
The open culture of marine microalgae is subject to increasing salinity concentration 
due to evaporation from the system, the extent of which varies in accordance with 
prevailing local environmental conditions (i.e., temperature, relative humidity, wind 
velocity, depth of water).  
 
The use of coagulants in conventional coagulant-flocculation and DAF processes is 
usually assisted by the use of a paddle driven rotor for mixing, which is energy 
intensive. Sparging of air is often used in photobioreactors and aquaria to agitate the 
growth medium and control gaseous constituents. Sparging of air is a simple technique 
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requiring inexpensive accessories, is easily scalable and requires little or no 
maintenance.  
 
This chapter will study the harvesting of different microalgae, both fresh water and 
marine varieties, and the optimum conditions for harvesting. 
 
6.2. Materials and Methodology 
6.2.1. Chemicals 
All chemicals used in this study were of analytical grade, or of higher purity. The three 
coagulants used included FeCl3, Al2(SO4)3.18H2O and chitosan. Concentrated stock 
solutions of 100,000 ppm of FeCl3 and Al2(SO4)3.18H2O were constituted by 
dissolving salts directly into deionised water. For chitosan, 1% of chitosan (w/w) was 
dissolved into a 2% acetic acid solution (w/w) to make a concentrated stock solution of 
10,000ppm. 
 
6.2.2. Microalgae culture 
6.2.2.1. Freshwater microalgae: 
Five liter samples of water were collected from a depth of 0.5m from two separate 
eutrophic, freshwater ponds located in Singapore (Sample 1 and 2). At the collection 
point, optical density (at 680nm) was measured by Hitachi 2800 spectrophotometer, as 
relative values of 0.09 for Sample 1 and 0.1 for Sample 2. Water pH was 6.8 and 6.9 
for Sample 1 and Sample 2 respectively. Microscopic observation showed that both 
samples had a mixed population of various microalgae species (see Figure 6.1). The 
samples were used as an inoculums for separate 200 liter cultures in BG-11 nutrient 
media at 10,000 lux under fluorescence light with a light:dark period of 12:12 hours. 
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Cultures were grown at 25
0
C with hydrodynamic mixing provided via air sparging at 
0.1v/v/min. After 14 days, cultures reached an optical density (at 680nm) of 0.40 and 
0.44 for Sample 1 and Sample 2, respectively. 
 
6.2.2.2. Marine microalgae: 
Nannochloropsis sp. and Phaeodactylum tricornutum (UTEX642) were the two strains 
of marine microalgae used in this study. Both were grown in natural seawater filtered 
via a 0.5μm membrane filtration system. Nannochloropsis sp. was isolated from 
Singapore‟s coastal waters (see Chapter 3) and P. tricornutum was obtained from the 
culture collection of University of Texas.  These strains were grown in Guillard F/2- Si 
and F/2 medium respectively. Glycerol was also added as a fixed carbon source to 
induce a mixotrophic cell growth condition. Artificial lighting was provided via 
fluorescent tube lights adjusted to 6000 lux, with a 12 hr light and 12 hour dark 
photoperiod. Nannochloropsis sp. was grown in a 300 liter indoor raceway pond (2.5m 
× 0.8m). The effect of salinity and pH in the culture medium on harvesting efficiency 
was tested by growing Nannochloropsis sp. in 10 liter carboys. Phaeodactylum 
tricornutum was also grown in 10 liter volume. All experiments, with both strains, 
were conducted using the same stock culture unless otherwise stated.  The biomass 
concentration of Nannochloropsis sp. and Phaeodactylum tricornutum cultures was 0.7 
g/l and 0.96g/l respectively. Culture pH was adjusted using either 5M HCl or 5M 
NaOH. Culture salinity was altered by adding NaCl to the required salinity. 
 
6.2.3. Microalgal biomass estimation 
Calibration curves of dry biomass vs. optical density (OD) were generated for both 
freshwater samples, where 10 ml of culture was filtered through a 0.45µm Whatman 
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filter paper prior to drying at 105
0
C for 12 hours. OD was measured at 680 nm using a 
Hitachi 2800 UV-vis spectrophotometer with a 1 cm optical path. The weight of 
biomass retained on the filter paper was converted to biomass density expressed as 
mg/l dry weight.  Regression analysis of Sample 1 and Sample 2 yielded equations of 
Y= 442X + 16.3 (r
2
=0.97) and Y= 391X +5.6 (r
2
=0.98) respectively; where Y is the 
biomass concentration in mg/l and X is the optical density of the cultures at 680nm. 
Marine microalgae cultures were grown in monocultures and hence calibration curves 
of cell numbers vs. optical density (OD) were established for both microalgae strains. 
Cell number was counted using a haemecytometer, and OD was measured using a 1 
cm optical path at wavelength 680 nm in a Hitachi 2800 UV-vis spectrophotometer. 
 
6.2.4. Biomass harvesting 
A cylindrical sparger (2 x 2cm) connected to a Hiblow HP-120 air pump was used for 
air sparging of microalgae cultures. A TSI 4000 flow meter was used to monitor air 
flow through the sparger, which was maintained at 2 liter/min. Initiation of sparging 
was incidental with addition the coagulant and was continued for 2 min. All 
experiments were conducted in 500ml beakers, unless otherwise stated. Air flow rate 
and duration were kept constant, unless otherwise stated.  10 minutes after stopping the 
air sparging, 3 ml of water was collected 2 cm from the base of the beaker and the OD 
was recorded immediately. To determine the optimum time requirement for harvesting, 
3 ml of sample (in triplicate) was collected 2 cm from the bottom of the vessel after 2, 
4, 6, 8 and 10 minutes of settling time, and OD was recorded immediately. 
Conventional coagulation-flocculation was carried out using a laboratory scale Stuart 
Scientific SW1 Flocculator. Coagulants were added at <0.2% volume.  
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6.2.5. Quantification of biomass harvesting efficiency: 
For the range of biomass concentrations measured, the OD and biomass density were 
linearly correlated for all the samples. The following formula was therefore used to 
calculate relative harvesting efficiency: 
The percentage of microalgae remaining in the culture medium (% R) and harvesting 












HE ………………………….….(equation 6.2) 
Where, 
ODi = Optical density of the culture suspension before the start of experiment; 
ODt = Optical density of the culture suspension after t minutes of settlement. 
 
6.2.6. Quantification of metal ion in harvested biomass:  
Harvested biomass contained both microalgal cells and the cation derived from the 
added coagulant. An air-sparged assisted coagulation-flocculation (ASACF) procedure 
was applied to separate microalgae from a 10 liter culture medium of Sample 2. After 
10 minutes, the supernatant was decanted and the biomass slurry collected for 
centrifugation to a wet biomass (WB) paste. The moisture content of WB was 
determined by quantifying loss in moisture after oven drying to complete dryness at 
80
0
C over 3 hours. The efficiency of metal extraction from 2g of WB was tested by 
adding different concentrated acids i.e. HCl, HNO3 or H2SO4 at an acid:water ratio of 
1:1. One set of acid solutions was maintained in an ultrasonic bath for 15 minutes 
(60% ultrasonic power at 40
0
C), and another set was homogenized for 2 minutes. The 
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solutions were filtered through a 0.45µm Whatman filter, and the filtrate was analysed 
for metal ion using a 3000 DV Inductively Coupled Plasma-Optical Emission 
Spectrometer (ICP-OES). 
 
6.3. Results and Discussion 
6.3.1. Microalgae in Fresh water samples  
Cultures from the two freshwater pond samples differed in species composition (see 
Figure 6.1). The algae species varied in size (5-100µm) and cell type i.e. singular or 
chain. Using the ASACF procedure, both cultures separated effectively from the 
medium using FeCl3 as the coagulant (see Figures 6.2 and 6.3), where harvesting 
efficiency was independent of microalgae morphology and size. Hence, water samples 
from eutrophic, natural freshwater bodies, comprised mixed species of microalgae, can 
be efficiently remediated using the ASACF procedure. 
 
Figure 6.1: Images of major strains present in fresh water samples tested. Sample 1 (1. 
Cyclotella sp., 2. Oscillatoria sp., 3. Scenedesmus obliquus, 4. Scenedesmus sp., 5. 
Unidentified); and Sample 2 (6. Cyclotella sp., 7. Pleurosigma sp., 8. Unidentified, 9. 
Closterium acutum, 10. Unidentified, 11.Scenedesmus acuminatus) (20 x 
magnification).  
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6.3.2. Effect of coagulant on harvesting efficiency  
6.3.2.1. Freshwater cultures: 
Of the three coagulants tested, FeCl3 gave maximum harvesting efficiency at 91% and 
90% for Samples 1 and 2, respectively (see Figures 6.2 and 6.3). The optimum 
concentration of FeCl3 was 80ppm for both samples, where higher FeCl3 
concentrations slightly lowered efficiency. Within the 20 to 100ppm concentration 
range tested for Al2(SO4)3.18.H2O, no optimum concentration level for biomass 
harvesting was determined where an increase in coagulant concentration resulted in an 
increased harvesting efficiency, reaching a maximum of 76% and 71% at 100ppm for 
Samples 1 and 2 respectively. On an equal-weight basis, FeCl3 was more efficient than 
alum, explained by the fact Fe
+3
 is present at double the number of moles in FeCl3 than 
Al
+3
 in Al2(SO4)3.18.H2O. Unlike FeCl3 and alum, chitosan gave mixed results for 
biomass harvesting efficiency, where maximum efficiency was achieved at 30ppm 
with an efficiency of 63% and 76% for Samples 1 and 2, respectively. At chitosan 
concentrations above 60ppm, a reduction in efficiency was apparent for both samples. 
Although chitosan has been used effectively for the harvesting of microalgae in other 
studies (e.g. Divakaran & Pillai, 2004), poor performance in this study may be 
explained by: i) the higher initial pH of the samples; and ii) the presence of a mixed 
composition of microalgae species, iii) higher biomass concentration in this study.  
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Figure 6.2: Effect of coagulant dosage on relative biomass recovery, Sample 1 
 
Figure 6.3: Effect of coagulant dosage on relative biomass recovery, Sample 2 
 
When alum was used as the coagulant, harvesting efficiency was lower compared to 
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were higher than the pH value for FeCl3 addition. Additionally, for equal weight ferric 
chloride and alum in equal volume algae culture, the concentration of Fe
+3 
would be 
higher compared to the concentration of Al
+3
. Chitosan is a long chain natural polymer 
produced mostly from crab shell, and under mild acidic conditions the amino 
functional group gains a positive charge and coagulation of algae occurs via charge 
neutralization and bridging of algae cells to the chitosan polymer (Divakaran & Pillai, 
2004). When chitosan was used as a coagulant final pH was above 7.5 and thus 
chitosan was ineffective for microalgae harvesting. Unlike ferric chloride and alum, 
chitosan does not have the ability to reduce the pH itself, and adjusting sample pH 
downward using acids may not be economically feasible when remediating natural 
water bodies or harvesting algae for biofuel production. Based on experimental data, 
FeCl3 is considered the most favorable coagulant. 
 
6.3.2.2. Marine microalgae cultures: 
Alum is widely used in wastewater treatment as a coagulant and serves as an effective 
coagulant for harvesting several different strains of algae (Molina et al., 2003a). In this 
study, ferric chloride, in addition to alum, was tested for harvesting Nannochloropsis 
sp. (see Figure 6.4, and figure 6.5). Within the concentration range studied i.e. ferric 
chloride 60-240mg/l, and alum 54-540mg/l, ferric chloride at a concentration of 240 
mg/liter yielded the maximum harvesting efficiency i.e., 91.5% compared to alum i.e. 
57% at a dosage of 540mg/l. Higher concentrations of alum (i.e. 756 and 972 mg/l) 
were also tested, but yielded lower harvesting efficiencies i.e. below 57% (data not 
shown in figure 6.5). Sukenik et al. (1988) also reported that ferric chloride was more 
effective than alum for harvesting I. galbana, C. stigmatophora and C. vulgaris.  
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Figure 6.4: Optimization of ferric chloride dose for recovery of Nannochloropsis sp. 
 
 
Figure 6.5: Optimization of alum dose for recovery of Nannochloropsis sp. 
 
The optimum ferric chloride dose that has been reported for recovery of Isochrysis 
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(Sukenik et al., 1988). In this experiment, 180 mg/l ferric chloride yielded an 89% HE 
for Nannochloropsis sp., and 94% for Phaeodactylum tricornutum at a dosage of 
90mg/l (see figure 6.6). The OD of Nannochloropsis sp. and Phaeodactylum 
tricornutum was 1.65 and 1.97 respectively, where OD for the I. galbana was 0.3. The 
difference in dose requirement for different algae species may be explained by 
differences in cell concentration, the size of the algae, culture salinity and pH, and 
inherent properties of the algae. Nannochloropsis sp. has the smallest cell size (2-5μm) 
and had an order of magnitude higher cell concentration than Phaeodactylum 
tricornutum (10-12μm size) at the time of harvesting. Furthermore, Nannochloropsis 
sp. grown in an indoor open raceway pond suffered significant water loss due to 
evaporation, which increased the salinity and raised culture pH to 9.0. The combined 
effect of all of these parameters was to elevate the FeCl3 dose requirement for 
harvesting.  
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6.3.3. Effect of pH on harvesting efficiency  
6.3.3.1. Freshwater cultures: 
Non-distilled water at pH 7.1 was used to grow both cultures. At the start of 
experiment, sample pH was 9.2 and 9.4 for Samples 1 and 2, respectively. A higher pH 
renders the microalgae cells with a negative surface charge that inhibits cell contact 
and flocculation. Cell charges are neutralized by lowering pH to a point of zero charge, 
below which charge reversal typically occurs to prevent coagulation. Addition of both 
ferric chloride and alum typically reduces pH (Kim et al. 2001; Knuckey et al. 2006). 
As a result of hydrolysis, these coagulants form metal ion complexes in a gelatinous 
floc, where mixing brings the floc and the microalgae together to initiate gravitational 
settling. The pH of Sample 1 and Sample 2, after 12 minutes of coagulant addition, is 
shown in Figures 6.7 and 6.8 where pH was reduced to a minimum 7.15 and 6.4 for 
Sample 1 and Sample 2 respectively. Maximum harvesting efficiency occurred at pH 
7.3 and pH 6.9 for Sample 1 and Sample 2, respectively when FeCl3 was used as the 
coagulant where the lower pH had marginal effect on harvesting efficiency.  
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Figure 6.8: Effect of coagulant dosage on final pH, Sample 2 
 
6.3.3.2. Marine microalgae cultures: 
 Harvesting efficiency was found to be strongly and negatively correlated with the pH 
of the culture broth. The original culture, grown at 10 liter volume (pH 8.0 and 36 ppt 
salinity), was flocculated using 90mg/l ferric chloride and yielded 89% HE (data not 
presented here). This ferric chloride dosage was used for the subsequent study. 
Initially, the salinity of the culture was increased to 43 ppt and the pH was adjusted to 
8.0-9.0.  Figure 6.9 shows the HE achieved at different pH and compared with that for 
the original culture. Within the pH range studied (i.e. pH 8.0 to pH 9.0), an increase in 
pH resulted in a decreased HE. At pH 8.0 and elevated salinity, the HE was 87% - 
slightly less than that for the original culture. Reduction in HE up to pH 8.5 was 
marginal, but a pH of 9.0 gave the lowest HE of 67%. Lower HE, for higher pH can be 
explained by the fact that, a fraction of ferric chloride could have used up to lower the 
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Figure 6.9: Comparison of HE for Nannochloropsis sp. at different pH 
 
6.3.4. Effect of sparging time 
Effect of sparging time on harvesting efficiency was studied using Nannochloropsis 
sp. culture. For the range of sparging times tested (i.e. 1 to 4 minutes) the differences 
in HE, observed was only 6% (see figure 6.10). For effective cell flocculation, a two 
minute sparging was adequate, beyond which HE reduced. This may be explained by 
the fact that a longer sparging time provides more micro-bubbles per unit volume 
resulting in floc detachment, or the prevention of floc formation due to excess agitation 
and/or an excess of air bubbles creating a net upward flow to the floc, thereby reducing 
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Figure 6.10: Effect of sparge time on harvesting efficiency of Nannochloropsis sp. 
 
6.3.5. Effect of air flowrate: 
Effect of air flow rate on harvesting efficiency was studied using Nannochloropsis sp. 
culture (see figure 6.11). The air flow rate ranged from 0.5 to 2.5 liters/min for a 
constant time of 2 minutes. An increase in flow rate resulted in an increase in HE up to 
2 liter/min, which thereafter decreased at a higher flow rate (2.5 liter/min). The number 
of micro bubbles formed per unit time is directly proportional to the air flow rate and 
hence agitation of the culture broth is also directly proportional to flow rate. A 
minimum flow rate is required to mix the coagulant and hence neutralize the algal 
surface charge; and to facilitate cell contact and floc formation. Excessive flow rates 
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Figure 6.11: Effect of air flow rate on harvesting efficiency of Nannochloropsis sp. 
 
6.3.6. Effect of air bubble size on harvesting efficiency 
To study the effect of air bubble size on harvesting efficiency, spargers with different 
pore sizes were tested. Perforations of 0.5, 0.75, 1.0, 1.50 and 2.0 mm were made on 
one side of a 1cm diameter hollow cylindrical copper tube connected to the air pump. 
Since air bubble volume is inversely proportional to water pressure, the size of the air 
bubble increases toward the water-air interface prior to bubble collapse at the surface. 
The upward travel of the air bubble through the water column instigates mixing of the 
coagulant and microalgae, where a smaller bubble size can be expected to increase 
biomass harvest efficiency due to enhanced surface area. However, no significant 
difference (p <0.05) was apparent for the range of bubble sizes tested, where 
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respectively (see Figure 6.12) Since the air infusion rate was constant at 2 liter/min, a 
larger sparger size produced a lesser number of bubbles per unit of time. However, 
larger bubbles will result in a relatively higher mixing efficiency than smaller bubbles 
as a function of media volume displacement. However, a greater number of bubbles 
generated by the smaller sized air sparger is likely to have compensated a reduced 
mixing efficiency resulting in a similar performance. Another possibility is, that as 
each bubble travelled in a restricted 15 cm vertical path, the relative pressure 
difference, and hence bubble size, was not sufficient to induce any significant 
difference in relative mixing and harvesting efficiency. 
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6.3.7. Metal ion associated with harvested biomass  
It was necessary to quantify the amount of cation (either iron or aluminum) attached to 
the biomass as a result of the ASCAF process as the cation may adversely affect the 
potential for energy conversion of the biomass. Since, FeCl3 provided maximum 
harvesting efficiency in all cases, the amount of iron that was associated with the 
settled biomass was quantified and freshwater algae culture (Sample 2) was used.  The 
optimum FeCl3 dosage for Sample 2 was determined as 80ppm. The cell density of 
Sample 2 was approximately 175mg/l, where 27.6mg of iron (80 mg as FeCl3) was 
added to harvest the microalgae and the wet biomass (WB) slurry contained 95.55% 
water. For a dry biomass equivalent, iron represented a maximum of 13.9% by weight 
(see Figure 6.13). In other words, harvesting 1 g of dry biomass requires the addition 
of 175 mg of iron, where 153 mg of the iron is associated with the harvested biomass 
and the remainder remains in a dissolved state in the supernatant, or is present as 
residual FeCl3 coagulant. Out of the three acids tested for iron extraction, HNO3 
extracted the maximum amount of iron from the wet biomass. Cell homogenization 
always resulted in higher iron extraction for all the three acids, tested, compared to 
ultrasonic iron extraction (see Figure 6.13). 
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Figure 6.13: Comparison of iron extraction efficiency by acid and 
extraction method 
 
6.3.8. Comparison of conventional coagulation-flocculation vs. sparging assisted 
flocculation: 
The optimum dosage of ferric chloride for recovery of Phaeodactylum tricornutum (90 
mg/l) and Nannochloropsis sp. (180 mg/l) was determined using air sparge assisted 
coagulation-flocculation (ASACF) and compared with the conventional coagulation-
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Table 6.1: Different operating schemes of CCF and ASACF 
Schemes Stage 1 (2 min) 
Rotation speed 
(rpm) 







T1 100 50 10 17 
T2 150 50 10 17 
T3 200 50 10 17 
T0 2 liter/min flow rate for 2 minutes 10 12 
 
Using the test conditions established for Nannochloropsis sp, it was determined that 
the conventional process with the highest initial rotation speed (i.e. scheme T3) yielded 
the highest cell recovery efficiency i.e. 85.2%. An even higher efficiency (~89%) was 
observed for ASACF using the optimized parameters (See Figure 6.14)  
 
 
Figure 6.14: Comparison of conventional coagulation-flocculation vs. air sparge 
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For Phaeodactylum tricornutum, all the three schemes of CCF resulted in higher 
efficiencies than ASACF efficiency; a maximum of 98% harvesting efficiency was 
achieved for highest rotational speed (i.e., T3 scheme).  HE of T3 scheme for 
Phaeodactylum tricornutum was 4% higher than HE of ASACF method (see Figure 
6.15). This anomaly can be attributed by the fact that, the flow rate and sparge duration 
used for Phaeodactylum tricornutum was based on an optimized flow rate and duration 
of 2 liter/min and 2 minutes respectively, as established for Nannochloropsis sp. A 
different flow rate and a different sparging duration may yield a better HE for the 
ASACF process. Nonetheless, the time required for the ASACF process (12 minutes) 
is significantly less than that for the CCF process (17 minutes). 
 
Figure 6.15: Comparison of conventional coagulation-flocculation vs. air sparge 
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6.3.9. Effect of salinity:  
Large scale algal culture, in a closed photo bioreactor, for either biodiesel feedstock 
production or carbon sequestration is expensive. In such cases, outdoor open culture, is 
more favorable. However, evaporation is unavoidable leading to an elevation in culture 
salinity. Laboratory grown Nannochloropsis sp. cultured at 10 liter volume (pH = 8.0 
and salinity =36 ppt) was adjusted to three different test conditions: (1) pH = 9.0, 
salinity = 36 ppt; (2) pH = 9.0, salinity = 45 ppt; and (3) pH = 9.0, salinity = 54 ppt. 
After a trial using the original culture, a 90mg/l ferric chloride dosage yielded a 89% 
HE. Hence, a 2 liter/min airflow rate, with 2 minutes of air sparging and a 90mg/l 
ferric chloride dosage was used to compare the HEs at different salinities. The HEs for 
different salinities are shown in Figure 6.16. 
 
 
Figure 6.16: Comparison of HE of Nannochloropsis sp. at different salinity 
 
An increase in salinity resulted in a decrease in HE. At 54 ppt salinity, the efficiency 
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HE efficiency. However, the same dosage gave an 89% efficiency for the original 
culture (pH=8.0 and salinity=36 ppt). The difference in efficiency can be accounted for 
by the difference in pH. Because, a fraction of the coagulant was consumed to lower 
the pH for test condition 1 (pH=9.0 and salinity=36 ppt), as shown in section 6.3.3.  
 
6.3.10. Time and power requirement for biomass harvesting 
Power consumption for cell harvesting is dependent on the concentration of microalgae 
in the medium at the time of harvest. For a 200mg/liter algal density (Freshwater 





required to harvest 1 kg of dry biomass using the ASACF procedure, where higher cell 
concentrations will reduce air supply demand. Whereas, 0.34kg of air will be required 
to harvest 1 kg of biomass for Nannochloropsis sp. culture (0.7g/l density). Dissolved 
air flotation (DAF) uses less air i.e. 30-50g/kg of biomass to process the same volume 
of culture (Sim, 1988), but a comparison of energy demand for DAF and ASACF 
cannot be considered based on air supply alone. Prior to applying pressurized air in the 
DAF process, the culture passes through multiple chambers where additional 
mechanical energy, usually via a paddle-wheel, is applied for mixing the coagulant and 
the microalgae (Sim, 1988). In comparison, the ASACF process relies on air sparging 
alone to achieve mixing, coagulation, flocculation and subsequent settlement. The HP-
120 air pump (operating at 120 litres air/min with an energy consumption of 117 watts) 
supplied 2 liters air/min for 2 minutes to a 20 liter culture volume with an equivalent 




 of culture medium processed. Typical 
power consumption rates of various cell harvesting techniques are shown in Table 6.2. 
The ASACF procedure has the lowest power demand – by at least 11.4 times less than 
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that of the next most efficient method, DAF- requiring a minimum 40kWh energy to 
process 1 m
3
 of culture (Sim, 1998; see Table 6.2). 
 


















Electrolysis No 4500 Δ Conteras et al. 1981 
Centrifugation No 1300 4
 
Sim 1988 
DAF yes 40-80 Δ Sim 1988 
Drum Filtration No 300 17 Sim 1988 
ASACF yes 3.25 6 This study 
Coagulation-
Flocculation 
yes 53 Δ Δ 
Δ depends on size of mixing chamber 
δ  theoretical value calculated from the Camp & Stein equation, P = G2µV;  where  
  P = power in Watt 
                          G = velocity gradient (1/s); values of G are 1000s
-1
 for 2 minutes rapid mixing  
and 200 s
-1
 for 30 minutes slow mixing; µ = viscosity of water=10
-3
 (Pa.s);V = 
volume of water (m
3
) = 1 m
3
 
In addition to power consumption, it is also equally important to harvest the biomass in 
a short time period so as to increase overall operational efficiency. Processing time per 
unit volume for any harvesting procedure is dependent on size of the separation 
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chamber, where typical values for various harvesting methods are shown in Table 6.2. 
A comparison of volumetric processing capability is necessary when considering the 
most efficient method for microalgae biomass separation using large volumes. The 
ASACF procedure requires 2 minutes of air sparging followed by 8-10 minutes of 
settling time to separate the biomass from the supernatant. (see pictorial illustration by 
Figure 6.17) Operationally efficiency could be further improved by switching the air 
pump to a second harvesting chamber whilst settlement takes place in the first. The air 
pump used in the experiment was capable of processing 6m
3
 of culture volume per 
hour.  
Using these data, the energy requirement was calculated as 4.64 kWh/t of dry biomass 
for Nannochloropsis sp. This value is considered as modest and favorable in 2 ways: 
(1) the air pump used in the experiment was small and consumes more power per unit 
flow rate, and (2) a higher biomass concentration (i.e. >0.7g/l) would reduce the 
energy requirement (see Table 6.2). 
   
Before harvesting After 5mins 
(2 minutes sparging + 
3 minutes settling) 
After 10mins 
(2 minutes sparging + 
8 minutes settling) 
 
Figure 6.17: Illustration of ASACF technique for harvesting microalgae 
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6.4. Conclusion 
Mixed strains of freshwater microalgae derived from eutrophic natural water bodies 
and two other marine microalgae, i.e. Nannochloropsis sp. and Phaeodactylum 
tricornutum were efficiently harvested using the ASACF procedure with minimum 
energy and time input. Hence, existing wastewater treatment plants and algal 
production facilities could benefit from adopting the ASACF procedure with minimal 
investment.  
 
On a weight basis, ferric chloride gave the highest harvesting efficiency (i.e., above 
90%) of the coagulants tested. The capacity of the coagulant to reduce the culture pH 
played an important role in algae biomass harvesting, where on a weight basis, ferric 
chloride can reduces pH more effectively than both alum and chitosan. Since a fraction 
of the coagulant is used to lower the culture pH, any liquid or gas stream with an acidic 
nature could potentially have been used initially to minimize the coagulant 
consumption. Up to 80% of the iron used for coagulation was associated with the 
harvested biomass, with the remainder was present in the supernatant or as incidental 
FeCl3.  
 
The power consumption per unit volume of water processed using the ASACF 
procedure is at least 11.4 times lower than for any other reported harvesting procedure 
to date, and is capable of processing large water volumes in a shorter time. An 
arbitrary time of 2 minutes was chosen for air sparging with a constant air flow of 2 
liter/minute for the entire study, but other air flow rates and durations need to be 
evaluated to further optimize the overall harvesting process. For example, multi-stage 
air sparging where a higher flow rate is used for a short time initially, which followed 
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by a lower flow rate is likely to reduce overall energy demand still further. Overall, it 
can be concluded that the air-sparge assisted coagulation and flocculation process 
results in the efficient harvesting of microalgae cells from culture broth with a 
relatively low energy demand compared to conventional techniques. Furthermore, the 
technique will require little or no maintenance and can be easily scaled to required 
size. 
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Chapter 7  
Development and Optimization of One Step Transesterification of 






 of biodiesel would be required to replace the petroleum 
fuel demand of the US, at the current usage rate (Chisti, 2008). Only microalgae has 
the potential to produce this amount of fuel at the lowest footprint and without 
consuming excessive freshwater (Chisti, 2007; Huntley & Redalje, 2007). However 
producing biodiesel from microalgae in an energy effective way is still a major 
challenge. Realization of microalgae as a viable feedstock demands a sharp reduction 
in production and downstream processing costs of intracellular lipids into fatty acid 
methyl esters (FAME) or fatty acid ethyl esters (FAEE) i.e. biodiesel. Harvesting 
microalgae biomass from the aqueous medium and then converting it into biofuel 
represents two major challenges to the viable commercialization of this technology. 
The use of an air sparged, coagulation-flocculation technique for the efficient 
harvesting of microalgae was discussed earlier (See Chapter 6). Here, we report on a 
low-energy technique for biodiesel production based upon a one-step 
transesterification for wet microalgae biomass (90% water as w/w). 
 
After separation from the culture medium, biomass is normally subjected to several 
processes to produce biodiesel i.e. i) drying of the biomass via spray-, freeze- , or solar 
drying, ii) extraction of lipid from the biomass using a solvent e.g. hexane, alcohol, 
chloroform or petroleum ether; iii) separation of the lipid from the solvent via 
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distillation; iv) transesterification of the lipid via homogenous catalysis; and v) final 
purification of the biodiesel (Ma & Hanna, 1999; Li et al., 2007; Huntley & Redalje, 
2007). Depending on the harvesting technique used the biomass may have up to a 90% 
moisture content as a function of its dry weight, meaning a significant amount of 
energy is required to dry the biomass prior to lipid extraction. Direct conversion of wet 
algal biomass into biodiesel in a single step without drying will not only avoid the 
energy investment for drying, but also improve process efficiency. 
 
Solvent extraction of intracellular metabolites i.e. lipid-oil from wet and undisrupted 
microalgae cell biomass is generally ineffective and biomass freeze drying is often 
recommended for FAME analysis (Belarbi et al., 2000; Molina et al., 2003a). One step 
transesterification of dry biomass is normally used for analysis of intracellular lipid 
composition only (Lepage & Roy, 1986; Rodriguez et al., 1998; Belarbi et al., 2000; 
Lewis et al., 2000; Mondala et al., 2009; Sakdullah, 2008), and not for larger scale 
production of FAME product. Belarbi et al. (2000) studied one step conversion of both 
wet and dry biomass to methyl esters; however biomass was harvested using 
centrifugation and the reaction time for wet biomass conversion to FAME was 4 times 
higher than that for dry biomass conversion.  Harvesting biomass via centrifugation is 
an energy intensive process at 3,000kWh/t biomass but enhanced biomass coagulation 
has proven to be a more efficient biomass harvesting technique (Molina et al., 2003a).  
 
To date, there has been no investigation on the feasibility of using of one step 
transesterification on wet biomass-harvested using coagulants. In this study, a one-step 
transesterification (OST) process was initially developed for conversion of intracellular 
lipids of dry microalgae biomass to FAME which was then further adapted for 
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application to wet biomass i.e. biomass after harvesting, but without biomass drying. 
Selection of an appropriate solvent for the OST is important for maximum conversion 
efficiency of the lipid and to minimize risks associated with the use of hazardous 
solvents. Since transesterification reaction is reversible, addition of catalyst is 
necessary for complete conversion (Ma & Hanna, 1999). Relatively benign solvents, 
i.e. methanol and ethanol, and homogenous catalysts, i.e. HCl and KOH will be used in 
this study, for the transesterification of microalgal lipids. Next the reaction temperature 
and duration of OST will be optimized for the chosen catalyst. Finally the ratio of 
volume of solvent to the biomass for OST will be optimized. 
 
7.2. Materials and methodology 
7.2. 1. Chemicals used 
Chemical nutrients used for the culture of microalgae were of analytical grade or 
higher purity. Anhydrous ferric chloride (purity > 99.9%) was used to harvest the algae 
biomass.  HNO3, H2SO4 and HCl, used for iron extraction from the harvested biomass, 
were of analytical grade. Methanol, chloroform, hexane, HCl, H2SO4 and KOH were 
used for FAME and FAEE synthesis and analyses and were also of analytical grade. 
 
7.2.2. Microalgae cultivation 
In this study, a locally isolated marine picoeukaryotic microalgae i.e. Nannochloropsis 
was used. Under optimal culture conditions in phototrophic growth mode, the strain 
has a specific growth rate of 0.63d
-1
 (see Chapter 3). Although the strain accumulates a 
low level of neutral lipid i.e. <15% of cell dry weight in photoautotrophic growth 
mode, lipid content can be increased up to 19% using mixotrophic culture in the 
presence of glycerol as a fixed carbon substrate (see Chapter 3). Seawater used to grow 
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the algae was filtered progressively through 10µm to 0.5µm membrane filters and then 
sterilized under UV light irradiation. A 200 liter plastic culture bag was used to 
inoculate the raceway pond. 50 liter culture of Nannochloropsis, in the exponential 
growth phase with 1g/l cell density, was inoculated into solar illuminated raceway 
pond (20 cm depth and 250liter capacity) in Guillard f/2-Si medium. A liquid flow rate 
of 20 cm/s in the raceway pond was maintained using a submerged water pump. After 
the culture in the raceway pond had reached stationery phase (i.e. after 4 days) 1g/l 
glycerol was added and the culture was maintained for another three days. Final 
concentration of the biomass was 0.7g/l and the areal productivity in the raceway pond 
was approximately 20g/m
2
/day, dry weight equivalent.  
 
7.2.3. Harvesting & biomass processing technique 
Microalgae biomass was harvested using ferric chloride as the coagulant in 
conjunction with an air-sparged, coagulation-flocculation (ASACF) technique as 
previously reported (Unpublished Data). After applying ASACF, biomass settled at the 
bottom of the culture vessel and the supernatant (i.e., 95% of the culture volume) is 
decanted; residual biomass was then centrifuged at 4,500 rpm for 5 minutes to yield a 
biomass paste with a 90% water content by weight. The paste was then divided into 
three separate fractions i.e.: i) a fraction for FAME conversion without drying (Sample 
1); ii) a fraction for freeze-drying (Sample 2); and iii) a fraction for oven-drying at 
80
0
C (Sample 3). In addition, a 1 liter volume of culture was centrifuged and freeze 
dried (Sample 4) to compare FAME conversion yield of this harvesting method with 
the ASACF technique (i.e. Samples 1, 2 and 3). Sample 1 was later used to optimize 
the reaction conditions. 
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7.2.4. Oven-drying of biomass 
To determine the energy required to dry harvested biomass, the algae paste was placed 
in an oven at 80
0
C and the time required to attain complete dryness measured. The 
algae paste was spread uniformly on pre-weighed aluminum cups at different 
thicknesses i.e. 5, 10 and 15 mm (W1) at 5, 10 and 15 g respectively. At pre-selected 
time intervals i.e. 30, 60, 90,120 and 150 minutes the cups were removed from the 
oven and placed in a desiccator for cooling prior to measurement of total weight (W2). 
Loss in biomass moisture content was calculated as follows: (W1-
W2)*100/(IMC*W1), where IMC = initial moisture content. IMC was calculated by 
drying a known amount of algae paste at 80
0
C to complete dryness.  
 
7.2.5. Measurement of biomass total iron content using ASACF  
Details of the iron extraction technique from microalgae biomass has been reported 
previously (chapter 6). 2 g of algal paste was placed into a 50ml centrifuge tube and a 
32.5% concentrated HNO3 (HNO3:H2O=1:1) solution was added into the tubes prior to 
homogenization for 2 minutes in a Hiedolf homogenizer. After centrifuging (at 4500 
rpm for 5 minutes) the solution, the top layer was removed and filtered through a 
0.22µm Whatmann filter. The filtrate was then diluted and analyzed for total iron using 
an Optima 3000 DV Inductively Coupled Plasma Optical Emission Spectrometer (ICP-
OES). Iron concentration was expressed as percentage dry weight of biomass. 
 
 
7.2.6. Processing of biomass for FAME  
Total intracellular lipid was extracted using a chloroform : methanol (2:1) solvent 
mixture according to Folch‟s method (Folch et al., 1957) from the biomass that was 
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harvested using centrifugation (4,500 ppm, 5 mins) and then freeze-dried (Sample 4). 
Transesterification of biomass lipids to FAME or FAEE was conducted by placing 4-
10 mg of each of the three different fractions of dried biomass (i.e. Samples 2, 3 and 4) 
into screw-top 20 ml glass vials. For Sample 1, about 100mg of biomass was added to 
the vial. A transesterification reaction solution (TRS) was prepared using solvent(s) 
and catalyst; where solvents types included: i) methanol:chloroform (10:1); ii) 
methanol alone; and iii) ethanol alone. Two different homogenous catalysts i.e. KOH 
or HCl were added to the biomass together with the three different solvent types, 
representing a total of six transesterification reactions for each of the four biomass 
preparations (Samples 1, 2, 3 and 4). In order to optimize the reaction temperature and 
duration of OST the vials were kept in the oven at different temperature ranging from 
40-100
0
C for 5-120 minutes. Optimum biomass weight to solvent ratio was determined 
at constant optimum reaction temperature and for most efficient catalyst. Four ml of 
TRS was added to each vial which was then immediately sealed with a septum and 
aluminum cap prior to transfer into an ultrasonic water bath (100 watt, 30
0
C) for 10 
minutes. The vials were then placed into an oven and maintained at 80
0
C for 2 hours 
prior to cooling in a desiccator to room temperature. The solution was then transferred 
into a centrifuge tube together with 1 ml of water and 3ml of a hexane:chloroform 
(4:1) mixture. The tube was vortexed and then centrifuged at 4000 rpm for 5 minutes. 
The top layer was then extracted and the process was repeated.  The combined extract 
was then analyzed for FAMEs using an Agilent7890 Gas Chromatograph fitted with a 
flame ionization detector (GC-FID) and a capillary Equity-1 column (15m × 0.1 mm× 





respectively. The initial oven temperature was 100
0
C which was increased at a rate 
50
0
C/ min to 300
0
C and maintained for 2 minutes. Hydrogen was used as the carrier 
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gas with a constant flow rate of 50cm/sec. 0.2µl of sample was injected in spilt mode 
(split ratio, 200:1) and the ester peaks were identified by comparing retention time to a 
37- component FAME standard (37-component FAME mix, Sigma). Total ester 
contentfor both FAME and FAEE was quantified by comparing the peak areas with 
that of heptadecanoic acid (C17:0) used as the internal standard (Xu et al., 2004). 
 
7.3. Results and Discussion: 
7.3.1. Time requirement in Biomass drying 
Dried biomass is typically a prerequisite for biodiesel production from microalgae as 
moisture interferes with the base homogenous catalyst used in the transesterification 
reaction (Sukhija & Palmquist, 1988; Williams et al., 1995). In order to prevent 
denaturation of the intracellular lipid, a low temperature (typically less than 100
0
C) is 
used to dry the biomass. For lipid analysis of microalgae biomass, freeze-drying is 
normally used prior to lipid extraction (Carrapiso & Garcia, 2000). However, 
commercial use of freeze drying for wet algae biomass is not economically feasible for 
commercial feedstock production due to the high energy investment (Molina et al., 
2003a). As expected, a reduced algal paste film thickness resulted in more rapid 
biomass drying (see Figure 7.1), where about 40 minutes is needed to dry a 5mm thick 
paste at 80
0
C with a 90% moisture content. However, an increased thickness did not 
result in a proportional increase in time requirement for drying. Drying time was 40, 
100 and > 150 minutes for 5mm, 10mm and 15 mm thickness algae paste respectively 
(see Figure 7.1). Heat flux required for heat transfer and drying, undergoes exponential 
loss with depth of the biomass paste. Hence, rather than selecting a thicker biomass 
layer for drying using thinner layers in multiple batches will reduce the energy 
requirement. Based on results obtained, using a 5mm film thickness for drying 1 tonne 
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of biomass will require an area of 200sq meter, which is not operationally realistic. 
Hence, the prospect of converting wet biomass directly into biodiesel, without the 
energy requirement for drying represents an attractive prospect for more efficient 










7.3.2. Iron content in harvested biomass 
To quantify the iron content of biomass following ferric chloride based ASACF 
harvesting, it was necessary to determine the iron content of the biomass following 
harvesting. After centrifugation of the harvested algae, the biomass contained 90% of 
its total weight as moisture. From 2 gram of algae paste, 24mg of iron was extracted, in 
other words 12% of the dry biomass was iron. Hence, for comparing the relative 
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centrifuged biomass (Sample 4), actual weights (Samples 1, 2 and 3) were determined 
by dividing by a factor 1.12. 
 
7.3.3. Total lipid and FAME 
Total lipid content of the centrifuged biomass (i.e., Sample 4) was 31.6% that of the 
dry biomass. On a unit weight basis, a maximum of 18% of dry biomass was extracted 
as FAME representing 57% of the total intracellular lipid content – comprised of 
triglycerides, free fatty acids, phospholipids, glycerololipids, and pigments. Only fatty 
acids can be esterified into FAME or FAEE. Sources of fatty acids in the algae 
biomass include triglycerides, diglycerides and monoglycerides and free fatty acids; 
thus only a fraction of extracted lipid in the gravimetric method is suitable for 
conversion to FAME and a lower conversion yield of lipid into FAME can be 
expected. A typical fatty acid profile for Nannochloropsis sp. is shown in Table 7.1.  
Biodiesel properties like, cetane number, heat of combustion, melting point, and 
viscosity  increase with increasing chain length fatty acids  and decrease with 
increasing unsaturated fatty acid (Knothe, 2005; Ramos et al., 2009). Thus, shorter 
chain fatty acids like C10:0 and C12:0 have lower cetane number and longer chain 
fatty acids like C20:4 and C20:5 have more viscosity-not ideal for biodiesel. However, 
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Table 7.1: FAME composition following acid and base catalysis OST 
 
 Acid catalysis Base catalysis 
Fatty acids FAME content 
per gram of dry 
biomass (mg/g) 
% of total 
FAME 
FAME content 
per gram of dry 
biomass (mg/g) 
 
% of total 
FAME 
C10:0 4.7±0.7 2.6±0.4 4.8±0.7 4.8±0.7 
C12:0 3.2±0.7 1.8±0.4 3.4±0.6 3.4±0.6 
C14:1 2.9±0.2 1.6±0.1 - - 
C14:0 7.9±0.7 4.4±0.4 3.2±0.3 3.2±0.3 
C16:1 33.5±0.2 18.6±0.1 14.2±1.7 14.2±1.7 
C16:0 45.7±0.9 25.4±0.5 16.5±1.7 16.5±1.7 
C18:3N6 4.5±0.4 2.5±0.2 - - 
C18:2N6C 10.4±2.2 5.8±1.2 2.6±0.2 2.6±0.2 
C18:1N9C 6.7±0.2 3.7±0.1 2.5±0.6 2.5±0.6 
C18:1N9T 4.9±0.2 2.7±0.1 4.6±0.5 4.6±0.5 
C18:0 5.4±0.9 5.4±0.5 35.2±4.1 35.2±4.1 
C20:4N6 14.2±0.5 7.9±0.3 3.8±0.0 3.8±0.0 
C20:5N3 31.3±0.2 17.4±0.1 8.6±0.2 8.6±0.2 
Total FAME  180±3.1 100 100±2.9 100 
Total FAME (% 
of lipid) 
57.0  31.6 
 
7.3.4. Effect of Iron Chloride Coagulant on FAME Production 
The FAME or FAEE yield of ASACF harvested biomass was compared to that of 
centrifuge harvested biomass. Maximum conversion yields achieved were 18%, 17%, 
12.8% and 11.4% for Samples 1, 2, 3 and 4 respectively (see Figures 7.2 and 7.3). Of 
the three biomass fractions (Samples 1, 2 and 3) harvested using ferric chloride, 
Sample 1 yielded maximum FAME. After drying, the biomass became granulated 
(particle size approximately 2-6 mm) and this may have adversely affected lipid 
extraction and subsequent transesterification. Putt (2007) also observed a lower FAME 
yield from coagulated biomass. Although identical volumes of solvent were used in all 
cases, the ratio of the actual amount of biomass to solvent/catalyst used for Sample 1 
and Sample 4 was greater than 5:1, The difference in conversion yield for Sample 4 
and Sample 1 (1%) can be explained by the fact that volume of solvent mix could have 
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been insufficient for complete conversion of Sample 1 biomass into FAME. Overall, it 
can be deduced that the presence of ferric chloride on FAME synthesis has negligible 








Figure 7.3: FAME yield from Samples 1, 2, 3 and 4 for base catalysis 
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7.3.5. Effect of solvent type 
The use of an appropriate solvent is critical in achieving efficient ester production from 
OST for both FAEE and FAME based biodiesel for as it not only efficiency of lipid 
extraction from the biomass, but also achieving a in a single solvent phase in which 
lipids and catalyst interact to form esters (Carrapiso & Garcia, 2000). 
 
Two trends of biodiesel yield, for solvent systems used i.e. methanol:chloroform, 
methanol and ethanol, are apparent for acid and base catalysts. In presence of the HCl 
catalyst, the use of methanol alone gave FAME conversion from any biomass fraction 
(Samples 1, 2, 3 and 4) (see Figures 7.2 and 7.3). A methanol:chloroform solution 
mixture is widely used for extraction total lipid (Folch et al., 1957; Lewis et al., 2000; 
Sakdullah, 2008). Addition of chloroform - a non-polar solvent typically used to 
extract non-polar lipids from biological tissue, did not enhance FAME yield. Result of 
our study implies that methanol alone can extract the FAME-convertible lipid from the 
Nannochloropsis sp. with no need to add chloroform (see Figures 7.2 and 7.3).  
 
For the KOH base-catalyzed transesterification, a solvent mixture of 
chloroform:methanol (10:1) gave superior performance to methanol alone, followed by 
ethanol - most likely due to the increasing water content of the solvents. According to 
Suter et al. (1997), feedstocks that contain a specific water content in excess of 10%, 
including the triacylglycerols and, more specifically the long chain saturated fatty 
acids, result in precipitation and reaction inhibition This phenomenon was accentuated 
for wet biomass (Sample 1) during conversion to FAME via the KOH catalyzed 
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For both acid and base catalysis, the FAEE conversion yield was always lower than for 
the FAME yield indicating: i) a need for higher temperature and pressure for FAEE 
conversion; ii) ethyl ester emulsion formation; and/or iii) a reduced lipid extraction 
from the cell membrane. This is counterproductive as the formation of FAEE is 
environmentally preferable to FAME where methanol is mainly derived from non-
renewable petroleum resources and ethanol is mainly produced via a biological route 
and ethanol is more environmental benign compared to methanol. 
 
7.3.6. Effect of Catalyst  
For all types of biomass fraction tested, an acid catalyzed HCl reaction produced a 
higher FAME and FAEE yield relative to the base catalyzed reaction, irrespective of 
solvent type used. A lower biodiesel yield for the base catalyzed reaction can be 
attributed to the presence of free fatty acid in the Nannochloropsis sp., where a further 
reduction in yield occurred for moisture content in the wet algae paste (see Figures 7.2 
and 7.3). The formation of an emulsion due to reaction of free fatty acid and the base 
prevented complete lipid conversion. Base catalysts are often recommended for 
conversion of shorter-chain fatty acids feedstocks such as coconut oil, milk fats etc 
(Christopherson & Glass, 1969).  Moreover, in case of one step transesterification of 
any moisture containing biomass, long chain fatty acids react slowly and tend to 
precipitate (Suter et al., 1997). Nannochloropsis sp. accumulates both short and longer 
chain fatty acids, where a lower conversion yield of long chain fatty acids (i.e. 
C20:4N6 and C20:5N3) resulted in an overall yield reduction (see Table 7.1). The use 
of the HCl acid catalyst overcame these shortcomings and eliminated two energy-
intensive steps associated with the production of FAME from microalgal biomass i.e. 
biomass drying and the extraction of intracellular lipids. 
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7.3.7. Different acid catalysts 
Methanolic H2SO4 has been used as catalyst for in-situ transesterification of some 
freeze dried biological tissues (Dugan et al., 1966; Dahmer et al., 1989). Moreover, 
methanolic H2SO4 has longer shelf life, easier and safer preparation compared to 
methanolic HCl (Carrapiso & Garcia, 2000). Hence, H2SO4 and HCl were compared 
for the FAME conversion efficiency from the wet biomass (Sample 1). 0.4 ml of HCl 
(37%) and H2SO4 (96%) were added into 3.6ml of methanol and thus concentrations of 
catalysts in the solvent mix were 1.01M and 0.97M for HCl and H2SO4 respectively. 
Although H2SO4 concentration was lower than HCl concentration, faster and complete 
FAME conversion was observed when H2SO4 was used as a catalyst. Under optimum 
temperature, i.e., 100
0
C, 100% FAME conversion yield was observed after 30 minutes 
when H2SO4 was used. However, the maximum FAME conversion yield was 94% 
after 2 hours at 100
0
C when HCl was used as a catalyst (see Figure 7.4 and 7.5). Hence 
using H2SO4 as a catalyst for OST reaction is more favorable compared to HCl, as 




Development and Optimization of One Step Transesterification of Wet Algae Biomass to 
Produce Biodiesel 
 
                                                                                                                                      117                                                                  
 
 




































































Development and Optimization of One Step Transesterification of Wet Algae Biomass to 
Produce Biodiesel 
 
                                                                                                                                      118                                                                  
7.3.8. Effect of biomass to solvent volume ratio 
H2SO4 was found better than HCl for OST of wet Nannochloropsis sp. biomass 
(Sample 1) and 100
0
C and 30 minutes were the optimum temperature and reaction 
duration. Thus, in order to optimize the biomass to solvent volume ratio H2SO4 was 
used as catalyst, 100
0
C was used as the reaction temperature and Sample 1 was used. 
However, the reaction duration was kept constant at 1 hour.  
 
 Ma & Hanna (1999) reported that maximum conversion efficiency of oil to FAME 
depends on the molar ratios of alcohol to oil and catalyst to alcohol. Theoretically for 
1M FAME yield, 1M alcohol (i.e., for 1M triglycerides 3M alcohol) is necessary. 
Since the transesterification reaction is reversible, additional alcohol is used to force 
the reaction forward. For base catalyst reaction the molar ratio of 6:1 (alcohol to oil) is 
often used; however for acid catalyzed reaction the ratio is higher i.e., 30:1 (Ma & 
Hanna, 1999). In OSTP of wet algal biomass such ratios cannot be used. Additional 
solvent, i.e., methanol, is required to extract the intracellular lipid from the biomass. 
While extracting the maximum lipid from the dried biomass the ratio of biomass 
weight to solvent volume can be as high as 10mg: 8 ml (Folch et al., 1957; Lewis et 
al., 2000). In this study, the ratio of the wet biomass to the volume of solvent varied 
from 50 mg: 4 ml to 1000mg: 4ml. The wet algae biomass contained 90% water (w/w). 
Hence the ratio of dry biomass to volume of the solvent varied from 5mg: 4 ml to 
100mg: 4 ml. Considering a 20% FAME convertible lipid content, on a weight basis 
the ratio of alcohol to oil varied from 4000:1 to 4000:20 which is much higher than 
30:1 used in acid catalysis. FAME yields for different biomass weight to solvent 
volume ratios are given in Figure 7.6. Maximum FAME yield of (19% of dry biomass) 
was achieved for biomass weight to solvent volume ratios up to 20mg: 4ml. For 
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increasing the biomass content (>20mg) to solvent volume (4ml), FAME conversion 
yield   reduced significantly. The results can be explained by the followings: (1) Under 
the experimental conditions, the fixed amount of solvent, i.e., 4 ml, can extract 
maximum amount of lipid up to biomass content of 20 mg. Prior to heating at 100
0
C, 
the glass vials, containing the wet biomass and the alcohol, were kept in sonication 
bath to extract the lipid. Sonication inside the glassware could have resulted in better 
lipid extraction for higher biomass content (>20 mg) and thus provide higher FAME 
yield; (2) for a fixed amount of solvent, higher amount of wet biomass will produce 
higher amount of moisture content. As the catalyst content was also fixed, i.e., 0.4ml 
per 4 ml of solvent, higher moisture content diluted the acid and could have reduced 
the catalytic activity. Moreover the algae biomass contains proteins, carbohydrates and 
other cell metabolites other than lipid. A portion of the catalyst could have reacted with 
these non-lipid fractions of the biomass. The higher these non-lipid fractions in the 
system, more of the catalyst will be used up leaving less catalyst for FAME yield; (3) 
On a weight basis 10% iron was attached in the biomass which could have competed 
for the catalyst. Thus more biomass introduced more iron in the system for a fixed 
amount of catalyst which also could have reduced the FAME conversion yield for 
biomass content higher than 20 mg. 
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Direct transesterification of wet algae biomass reduces the number of steps required 
for production of FAME. Drying of algae paste following biomass harvesting is not a 
prerequisite for one step transesterification, thereby reducing energy investment 
required for biomass drying and avoiding the need for the use of toxic solvents (i.e., 
chloroform or hexane) for lipid extraction. The use of methanol alone is sufficient for 
both lipid extraction and subsequent transesterification. As a catalyst, HCl was found 
to be superior to KOH in all cases.  
 
Furthermore H2SO4 is more efficient than HCl as a catalyst for OST. Apart from 
commercial application, lipid analysis of algae during the culturing time can be 
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requirement in OST is more than 15 times of the biomass to achieve a complete FAME 








8.1 Findings of the thesis work: 
 Identification of potential local strain (Objective 1): 
Growths of five local strains were tested in both normal (i.e., 35pt) and 
hypersaline water (i.e., 70ppt). Two of these strains were Nannochloropsis and 
there were three different unidentified diatoms. Specific growth rates were 
higher for both Nannochloropsis sp. compared to all the diatoms; maximum 




were observed for Nannochloropsis 
1 and Nannochloropsis 2 respectively, in normal saline water. Additionally 
both these Nannochloropsis sp. could grow in 70ppt salinity, although the 




for Nannochloropsis 1 and 2 
respectively. All the diatoms could not grow in hyper saline water – indicating 
that open culturing of Nannochloropsis sp. in hyper saline water could 
minimize contamination. Enhancement of lipid content of Nannochloropsis sp. 
was studied in a dual cultural system. First, Nannochloropsis sp. was grown in 
a phototrophic culture mode for 7 days and then in mixotrophic culture 
conditions, i.e., in presence of glycerol, glucose, sucrose and acetate for another 
3 days. During the exponential growth in the phototrophic culture, 
Nannochloropsis sp. accumulated fatty acid as 8.64%, 8.95% and 9.48% of dry 







day respectively. During this period, biomass productivity was approximately 
111mg/l/day. Culturing Nannochloropsis sp. for 3 additional days, intracellular 
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lipid content reached 14.74% of dry biomass after 10 days - a 55.8% increase 
in lipid content, however, with a net biomass productivity of 26.7mg/l/day. On 
the contrary, net biomass productivity in the mixotrophic cultures were 
87mg/l/day, 103mg/l/day, 80mg/l/day and 97mg/l/day for glucose, sucrose, 
acetate and glycerol respectively. Intracellular lipid content of Nannochloropsis 
sp. reached 19.1% and 17.8% after 3 days of glycerol and acetate addition 
respectively. Maximum volumetric FAME productivity of Nannochloropsis sp. 
was 51.7mg/l/d for adding glycerol -72.3% higher than volumetric FAME 
productivity in phototrophic culture. 
 
  Identification of optimum wavelength and intensity for growing the 
potential strain in an energy efficient PBR (objective 2) 
 
Biomass productivity and fatty acid methyl esters (FAME) derived from 
intracellular lipid of a Nannochloropsis sp. isolated from Singapore‟s coastal 
waters were studied under different light wavelengths and intensities. 
Nannochloropsis sp. was grown in both phototrophic and mixotrophic (glycerol 
as the carbon source) culture conditions in three primary monochromatic light 
wavelengths, i.e., red, green and blue LEDs, and also in white LED.  The 
maximum specific growth rate (µ) of Nannochloropsis sp. for LEDs followed 





 in phototrophic and mixotrophic cultures under blue 
lighting, respectively. The intracellular fatty acid composition of 
Nannochloropsis sp. varied between cultures exposed to different wavelengths, 
although the absolute fatty acid content did differ significantly. Maximum 
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FAME yield from Nannochloropsis sp. was 20.45% and 15.11% of dry 
biomass weight equivalent under mixotrophic and phototrophic culture 
conditions respectively for cultures exposed to green LED (550 nm). However, 
maximum volumetric FAME yield was achieved for phototrophic and 
mixotrophic cultures (i.e., 55.13mg/l and 111.96mg/l, respectively/) upon cell 
exposure to blue LED (470 nm) due to highest biomass productivity.  
 
 
Mixing the culture in the PBR is a major energy input in producing algae 
biofuel. A model was developed for culturing microalgae in PBR, based on 
mixing requirement per unit of biomass production rather than constant amount 
of mixing energy. The model assumes constant biomass concentration 
throughout the culture time which means the volume of the culture would 
increase over time; the mixing energy will also increase over time according to 
the volume of the culture. Such incremental energy supply (IES) consumes 
much less energy compared to constant energy supply (CES); higher the culture 
time in the PBR, more is the savings in the IES compared to CES. The model 
was validated with the algae Nannochloropsis sp.; 58% of the mixing energy 
input of CES was saved by adopting IES with equal biomass productivities for 
a culture period of 60 hours. IES scheme for lighting also resulted in 35% 
savings in energy compared to CES scheme lighting. The overall energy 
savings in IES PBR was 44% compared to CES PBR. 
 
 Development of ultra-efficient microalgae harvesting technique (objective 3) 
Removal of microalgae from natural water bodies and wastewater is a major 
challenge due to the high energy demand for separation and harvesting of 
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suspended biomass. An air-sparged assisted coagulation-flocculation (ASACF) 
technique has been developed to rapidly and efficiently harvest microalgae 
biomass from freshwater. The procedure uses air sparging to mix the water 
prior to coagulation-flocculation of the biomass. Water samples collected from 
two freshwater ponds were further cultured and harvested using the ASACF 
technique. Of the three coagulants tested i.e. ferric chloride, alum and chitosan, 
FeCl3 resulted in the greatest biomass harvesting, with a greater than 90% for 
both samples. For an air flow rate of 120 liters/min, the procedure is capable of 
processing 36m
3
 of water per hour with a low energy consumption rate of 
3.5W-h/m
3
. To harvest 1g of dry microalgae biomass-equivalent requires 
sparging with 1.2 g of air and 450 mg of FeCl3 as the coagulant. The 
effectiveness of the technique is independent of the size and/or shape of 
microalgae cells. Microalgal biomass harvested using ASACF can serve as a 
feedstock for bioenergy and/or biodiesel production.  
 
ASACF technique was then studied for marine microalgae Nannochloropsis sp. 
and Phaeodactylum tricornutum. Both air sparging rate and culture mixing 
duration did not significantly affect cell harvesting efficiency, where more than 
80% of both species of algae were separated from the aqueous medium within 
4 minutes (i.e. 2 minutes of sparging and 2 minutes of gravitational settling) 
under optimized conditions. Both the pH and salinity of the culture medium 
had strong influences on harvesting efficiency. The harvest energy requirement 
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 Development of a one step transesterification process to  produce biodiesel 
from wet biomass  (Objective 4) 
 
The synthesis of fatty acid methyl esters (FAME) i.e. biodiesel, from 
microalgal intracellular lipids has been investigated using a locally isolated 
strain of a marine picoeukaryotic i.e. Nannochloropsis. Initially, a one-step 
transesterification process was developed for direct conversion of dried 
biomass into FAME. The process was then further refined to produce FAME 
from wet biomass i.e., 90% water content. Hydrochloric acid catalyzed 
transesterification of lipids resulted in a FAME yield >45% higher than when 
potassium hydroxide was used as the catalyst. Methanol, when used alone as a 
reaction solvent, resulted in maximum FAME conversion, where 18% of the 
dried biomass was converted to FAME. The use of non-polar solvent 
chloroform did not improve conversion efficiency. Harvesting of microalgae 
using ferric chloride, reduced the FAME yield due to formation of biomass 
granules during the microalgae drying process, but this impediment was 
removed when FAME was synthesized from wet biomass. The effect of 
temperature and the reaction duration in producing fatty acid methyl esters 
(FAMEs), using One Step Transesterification (OST), from coagulated wet 
biomass of Nannochloropsis sp. (90% water w/w) were examined for two acid 
catalysts, i.e., HCl and H2SO4. Within the temperature range studied, i.e., 40-
100
0
C, fastest and maximum conversion took place for 100
0
C for both the 
catalysts. Maximum FAME yields were 100% and 94% obtained after 30 and 
60 minutes for H2SO4 and HCl respectively. Complete FAME conversion from 
wet algae biomass, for H2SO4 catalyzed OST, was observed for a wet biomass 
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to solvent ratio of 200mg to 4ml. A one-step methanol transesterification on 
wet algal biomass represents a more efficient technique for conversion of 
microalgae intracellular lipids to FAME biodiesel. 
 
8.2. Limitations of this thesis work: 
 The strain that was used for most part of the study was selected from 45 
different local marine strains which were isolated from six locations around 
Singapore. Although the selected algae strain showed fast doubling rate, high 
lipid content and adaptability to grow in extreme saline condition, harvesting 
the algae biomass from the culture was challenging. A coagulation-flocculation 
based very energy efficient harvesting technique was developed in this study; 
however the technique requires addition of chemical which would increase the 
production cost for the algal biodiesel. Hence, while selecting potential 
microalgae strains at least one more criteria of natural sedimentation should be 
included. Such strains would settle in the absence of mixing and also avoid the 
interference of the coagulants in the downstream processing. None of the 
isolated strains showed all the four desirable characteristics mentioned here. 
Screening of more samples from other locations could have identified a better 
strain. 
 
 Producing algal biofuel would require multiple processes and a few of these 
processes were studied in this thesis. All these processes consume energy and 
the total energy input should be less than the energy content of the biofuel. 
Other major energy consuming processes include supplying seawater and flue 
gas to the algae growth system, and energy input in producing the nutrients. 
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Apart from the overall energy balance, the impacts of all the processes should 
be evaluated through Life Cycle Assessment. However, neither the overall 
energy balance, nor the Life Cycle Assessment was made in this study, because 
of limited data availability.  
8.3. Future work: 
 The technique of Incremental Energy Supply, or IES, which was found to be 
more energy efficient compared to conventional culture technique in air lift 
tubular PBR, may also reduce the energy requirement for mixing the culture in 
raceway ponds. Although the sunlight exposure would be the same throughout 
the culture period, the mixing energy at any time, would be proportional to the 
volume of the culture present in the raceway pond at that time. Thus after the 
inoculation the energy usage for mixing the culture in the IES raceway pond 
will be lower compared to conventional raceway ponds. Additional benefits 
may be achieved for adopting this technique in the raceway ponds. After 
inoculating the culture in the raceway pond, the optical path of the IES culture 
would be smaller compared to the conventional techniques which may allow 
better light penetration and subsequent higher photosynthesis activity, thus 
lowering the culture batch time in the raceway ponds and increasing the 
biomass productivity. However, keeping a lower depth in the raceway pond 
may induce excessive sunlight exposure to the microalgae and may cause 
photo-inhibition. Use of IES in a raceway pond may allow better CO2 
utilization. CO2 from any source can be mixed with seawater in a separate 
chamber and the resulting carbonated water can be added into the race pond 
according to the IES equations developed earlier (in Chapter 5). At any time, 
the incremental volume of carbonated water would be very small compared to 
Conclusion 
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the volume of the culture, present in the raceway pond. In order to keep 
constant microalgae concentration, in the raceway pond, there would be a 
higher demand of CO2 to meet the exponential growth of microalgae. Thus the 
incoming CO2 (i.e., through the carbonated water), into the raceway pond, 
would get very short time to escape to the atmosphere, before being consumed 
by the voracious microalgae. Therefore, successful application of IES 
technique into raceway pond will not only reduce the mixing energy input, but 
also allow better CO2 utilization. Thus it requires further study, as to know how 
any potential strain performs in a IES raceway pond. 
 
 Extracting the lipid from the wet algae biomass using solvent is very energy 
intensive. The energy input for in-situ transesterification from the wet algae 
biomass was also found to be energy intensive. Hence alternative processes of 
extracting the lipid from the wet biomass must be developed to make algal 
biofuel feasible. Wet algal biomass can be treated with sonication or high 
pressure which may eventually break the algae cell wall and release the 
intrinsic lipid into the algae slurry. Once the lipid part comes outside the cell 
wall it would make a separate layer at the top and then it can be separated and 
converted into biodiesel using transesterification reaction. 
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